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PREFACE. 


PT^HIS  treatise  is  intended  to  provide  the  English  student  with 
an  intelligible  outline  of  the  Theory  of  Numbers  which  may 
serve  as  an  introduction  to  the  detailed  study  of  the  subject  at 
first  hand.  No  single  work  of  reasonable  size  could  possibly  do 
justice  to  every  part  of  the  theory ;  and  in  the  choice  of  material 
it  is  not  easy  to  adopt  any  plan  which  is  likely  to  approve  itself 
to  everyone.  I  have  been  guided  principally  by  a  desire  to  give  a 
fairly  complete  account  of  the  theories  of  congruences  and  of 
arithmetical  forms,  so  far  as  they  have  been  developed  hitherto ; 
to  this  I  hope  to  be  able  to  add  a  sketch  of  the  different  complex 
and  ideal  theories.  Diophantine  analysis  proper,  and  questions  of 
pure  "  tactic,"  have  been  omitted,  except  in  so  far  as  they  have 
been  subsidiary  to  the  general  scheme. 

The  range  of  this  first  volume  is  sufficiently  indicated  by  the 
table  of  contents.  It  is  hardly  necessary  to  say  that  I  have 
derived  continual  assistance  from  the  works  of  Gauss  and  Dirichlet, 
and  from  H.  J.  S.  Smith's  invaluable  Report  on  the  Theory  of 
Numbers.  I  am  also  greatly  indebted  to  Professor  Dedekind  for 
permission  to  make  free  use  of  his  edition  of  Dirichlet's  Vor- 
lesungen  uber  Zahlentheorie.  So  far  as  this  present  volume  is 
concerned,  the  account  of  Dirichlet's  researches  has  been  taken 
primarily  from  his  original  memoirs;  at  the  same  time,  I  owe 
much  to  the  study  of  the  Vorlesungen,  and  I  hope  that  I  may 
eventually  avail  myself  of  Prof.  Dedekind's  kindness  more  directly, 
by  giving  some  account  of  his  theory  of  ideals. 
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PREFACE. 


In  the  references  at  the  ends  of  the  chapters  and  elsewhere  I 
have  done  my  best  to  indicate  fully  the  sources  from  which  I  have 
derived  my  information.  No  attempt  has  been  made  to  give  an 
exhaustive  bibliography ;  even  if  I  had  been  equal  to  the  task  of 
compiling  it,  the  result  would  probably  be  merely  embarrassing  to 
the  beginner,  whose  attention  should  be  directed  in  the  first  place 
to  the  works  of  the  great  masters  of  the  science. 

Several  friends,  amoDg  whom  I  may  mention  Mr  H.  F.  Baker, 
of  St  John's  College,  Cambridge,  Mr  R.  W.  Hogg,  of  Christ's 
Hospital,  and  Mr  A.  G.  Greenhill,  have  kindly  allowed  me  to  send 
them  proof-sheets ;  Mr  J.  Hammond  has  been  good  enough  to 
revise  my  account  of  Professor  Sylvester's  researches  on  the 
distribution  of  primes;  and  I  am  indebted  to  my  colleague, 
Mr  A.  Gray,  for  advice  and  assistance  in  seeing  the  book  through 
the  press.  To  all  of  these  my  best  thanks  are  due ;  and  I  may 
add  that  I  shall  be  grateful  for  any  criticisms  or  corrections  that 
may  be  sent  to  me  by  any  of  my  readers. 

G.  B.  MATHEWS. 


University  College  of  N.  Wales, 
Bangor. 
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CHAPTER  I. 


Divisibility  of  Numbers.    Elementary  Theory  of 
Congruences. 

1.  The  whole  of  arithmetic  is  based  upon  the  conception  of 
whole  numbers,  or  integers,  and  upon  the  application  to  them  of 
the  four  fundamental  processes  of  addition,  subtraction,  multi- 
plication, and  division.  The  direct  operations  of  addition  and 
multiplication  obey  the  laws  of  commutation,  association,  and 
distribution,  which  are  expressed  by  the  formulae 

a  +  (b  +  c)  =  (a  +  b)  +  c 
ab  =  ba 
a.bc  —  ab.G 
a(b  +  c)=ab  +  ac 
all  of  which  may  be  verified  intuitively,  as  soon  as  the  conceptions 
of  adding  and  multiplying  whole  numbers  have  been  correctly 
acquired. 

The  inverse  process  of  subtraction  leads  to  the  enlargement 
of  the  domain  of  arithmetic  by  the  introduction  of  the  idea  of 
negative  integers,  and  the  establishing  of  the  "rules  of  sign." 
Finally,  the  idea  of  division  is  generalized  so  as  to  give  rise  to  the 
theory  of  rational  fractions,  positive  and  negative. 

Strictly  speaking,  the  theory  of  numbers  has  nothing  to  do 
with  negative,  or  fractional,  or  irrational  quantities,  as  such.  No 
theorem  which  cannot  be  expressed  without  reference  to  these 
notions  is  properly  arithmetical :  and  no  proof  of  an  arithmetical 
theorem,  or  solution  of  an  arithmetical  problem,  can  be  considered 
finally  satisfactory  if  it  intrinsically  depends  upon  extraneous 
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analytical  theories.  At  the  same  time  a  great  deal  is  gained  in 
simplicity  and  clearness  of  statement  by  the  admission  of  negative 
integers,  and  the  application  of  the  algebraical  rules  of  sign:  so 
that  in  future  the  term  "  integer  "  or  "  whole  number  "  or  simply 
"  number  "  (where  there  is  no  risk  of  ambiguity)  will  be  used  as 
equivalent  to  "  positive  or  negative  whole  number." 

2.  A  number  a  is  said  to  be  divisible  by  another  number  b 
when  a  third  number  q  can  be  found  such  that  a=qb:  a  is  also 
said  to  be  a  multiple  of  b,  and  q  is  called  the  quotient  of  a  by  b ; 
finally,  b  is  said  to  be  a  divisor  of  a. 

If  a  is  divisible  by  b,  it  is  also  divisible  by  —  b.  Namely 
qb  =  (—  q)  (—  b) :  so  that  if  a  -h  b  =  q,  a -f-  (—  b)  =  —  q.  The  divisors 
b,  —  by  are  not  considered  to  be  distinct. 

Every  number  a,  which  is  different  from  +1  or  —  1,  has  at 
least  two  distinct  divisors,  namely  1  and  a.  If  it  has  no  divisors 
distinct  from  them  it  is  called  a  prime  number,  or  simply  a  prime : 
if  otherwise,  it  is  said  to  be  composite. 

Two  numbers  are  said  to  be  prime  to  each  other,  or  relative 
primes,  when  they  have  no  common  divisor  except  +1  or  —  1. 
For  example,  (20,  21),  (- 15,  49). 

The  product  of  two  positive  integers,  each  less  than  a  given 
prime  number  p,  cannot  be  divisible  by  p. 

For  let  a  be  positive  and  less  than  p,  and  suppose,  if  possible, 
that  ab,  ac,  ad,  etc.  are  divisible  by  p,  where  b,  c,  d,  etc.  are  all 
positive  and  less  than  p.  There  is  only  a  finite  number  of 
integers  which  are  positive  and  less  than  p :  hence  one  of  the  num- 
bers by  c,  d...  must  be  less  than  any  of  the  rest:  let  this  be  b. 
Evidently  b  >  1 :  otherwise  a  would  be  a  multiple  of  p,  and  at  the 
same  time  less  than  p.  Now  p  being  prime  is  not  divisible  by  b : 
hence  we  may  write  p  =  mb  +  b'  where  m,  V  are  positive  integers 
and  b' <b.  Since  ab  is  a  multiple  of  p  so  also  is  mob.  Put 
mab  =  Xjp,  so  that  \  is  a  positive  integer.  Then 
\p  =  mab  =  a .  mb  =  a(p  —  b') 
whence  ab'  =  (a  —  \)p : 

that  is,  ab'  is  a  multiple  of  p.  But  b'  <  b:  so  that  this  contradicts 
the  hypothesis,  according  to  which  b  is  the  least  positive  integer 
such  that  ab  is  a  multiple  of  p.  -The  proposition  is  therefore 
true. 


RESOLUTION  INTO  PRIME  FACTORS. 
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Corollary  1.  If  a,  b  are  any  numbers  not  divisible  by  p,  their 
product  is  not  divisible  by  p. 

For  we  may  always  put  a  =  \p  +  a,  b  ==  \ip  +  ft,  where  \,  fi  are 
integers,  and  a,  ft  are  integers  positive  and  less  than  p.  Hence 

ab  =  (Xfip  +  \ft  +  ixa)  p  +  aft: 

and  if  ab  were  divisible  by  p  so  also  would  be  aft,  contrary  to  the 
proposition  just  proved. 

Corollary  2.  If  a,  b,  c,  d...  are  all  prime  to  p,  their  product  is 
prime  to  p. 

This  is  proved  by  repeated  application  of  Cor.  1. 

3.  Every  composite  number  can  be  resolved  into  prime  factors, 
and  this  can  be  done  in  only  one  way. 

Let  A  be  a  positive  composite  number.  Then  since  it  is  com- 
posite, it  has  at  least  one  positive  divisor  m  which  is  greater  than 
1  and  less  than  A.  Suppose  then  that  A  =  mm'.  If  m  and  m'  are 
both  primes,  the  resolution  has  already  been  effected :  if  not,  the 
process  may  be  repeated,  viz.  either  m  or  m  or  both  may  be 
resolved  into  two  factors,  and  so  on.  It  is  clear  that  eventually 
no  further  resolution  will  be  possible,  because  if  A  could  be  re- 
solved into  the  product  of  an  infinite  number  of  integral  factors, 
each  greater  than  1,  it  would  be  infinitely  great.  Now  applying 
the  commutative  law  of  multiplication,  A  is  finally  reduced  to  the 
form 

aa¥ct. . . 

where  a,b,c...  are  different  positive  primes. 

It  is  clear  that  if  two  resolutions  are  possible  the  same  prime 
factors  must  occur  in  both  ;  otherwise  Cor.  2  of  last  article  would 
be  contradicted :  so  that  the  only  admissible  supposition  is 

A  =  aa¥cy  ...  =  a*W&... 
where  a,  b,  c...  are  different  positive  primes  and  the  indices  (a,  a') 
(ft,  ft')...  are  supposed  not  to  be  identical.    Let  a>a':  then 

a*-*'.  ¥cy-...  =W&... 

that  is  bPcy ...  is  divisible  by  a,  contrary  to  Cor.  2.  Similarly  if 
a'  >  a  ;  therefore  a'  =  a,  and 

bPcy...  =  bf*cy... 

A  repetition  of  the  argument  gives  ft  =  ft',y  =  y',...  successively: 
so  that  the  two  resolutions  are  identical. 
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It  should  be  observed  that  any  even  number  of  the  factors  of 
A  may  have  their  sign  changed  without  altering  the  product: 
thus,  for  instance, 

60  =  22  .  3  .  5  =  (-  2)2 . 3  .  5  =  22 .  (-  3) .  (-  5)  =  etc. 
but  these  resolutions  are  considered  essentially  the  same,  and  this 
convention  is  understood  in  the  statement  of  the  theorem. 

Similarly  any  negative  composite  number  may  be  reduced 
to  the  form  (—  1)  aab^cy. . .  where  a,  b,  c...  are  different  positive 
primes,  and  all  other  resolutions  of  the  number  into  prime  factors 
are  essentially  equivalent  to  this. 

4.  If  a,  b,  c...  are  all  prime  to  k,  their  product  is  also  prime 
to  k. 

For  no  prime  factor  contained  in  a  or  b  or  c...  is  contained  in 
k:  therefore  the  product  abc...  contains  no  prime  factor  of  k  and 
is  consequently  prime  to  k. 

5.  If  a,  b,  c...  are  prime  to  each  other,  and  each  divides  k, 
then  their  product  divides  k. 

For  if  any  power  of  a  prime,  say  p*,  occurs  in  the  product 
abc...,  it  must  occur  in  one  of  the  factors,  in  a,  suppose :  therefore 
k,  which  is  a  multiple  of  a,  must  have  pn  for  a  factor:  and 
similarly  for  any  other  power  of  a  prime  contained  in  abc. ...  Hence 
k  is  divisible  by  the  product. 

6.  If  a  is  prime  to  b,  and  ak  is  divisible  by  b,  then  k  is  a 
multiple  of  b. 

For  ak  is  divisible  by  b,  and  also  by  a :  hence,  by  Art.  5,  ak  is 
divisible  by  ab,  that  is,  ^  or  |  is  an  integer. 

The  function  (f>(n). 

7.  Let  n  be  any  positive  integer,  and  let  <f>(n)  denote  the 
number  of  positive  integers,  1  included,  which  are  prime  to  n  and 
not  greater  than  n. 

By  definition  <f>  (1)  =  1.    Also  if  n  is  a  prime  number 
</>  (n)  =  n—l. 

Next  suppose  n  composite,  and  let p,  q,  r,  s...  be  the  different 
primes  which  divide  n. 
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Consider  the  series  of  integers  1,  2,  S...n.  Of  these  the 
following  are  multiples  of  p : 

(n/p  in  all). 

Write  these  down  with  the  sign  +. 

Similarly  write  down  all  the  multiples  of  q,  r,  s...  each  with 
the  sign  +. 

In  the  same  series  there  are  —  multiples  of  pq.    Write  these 

all  down  with  the  sign  — :  and  do  the  same  with  all  the  multiples 
of  pr,  ps,  qr...  (taking  all  the  products  of  p,  q,  r,  s. . .  two  at  a  time). 

Next  write  down  all  the  multiples  of  the  ternary  products 
pqr,  pqs...,  each  with  the  sign  +,  and  so  on:  until  at  last  we 
come  to  the  multiples  of  pqrs...  with  the  sign  (— )*_1,  k  being  the 
number  of  different  primes. 

Now  take  any  number  6  which  is  not  greater  than  n  and 
not  prime  to  it.  It  will  involve  in  its  composition  a  certain 
number  (A,  say)  of  the  different  primes  p,  q,  r....  How  many 
times  will  it  occur  among  the  multiples  already  written  down  ? 
Evidently  (taking  its  appearances  in  the  order  of  the  groups) 

A,  times  with  the  sign  +,  then  — ^-^ — —  times  with  the  sign  — ,  then 

\(\-l)(\-2)  .         ...  A,     .  , 

—   times  with  the  signH-,  and  so  on. 

o  I 

If  then  we  take  the  algebraic  sum  of  all  the  groups,  we  have  6 
occurring  with  a  coefficient 

x_X(X^l)  +  X(X-l)(X-2)^  .„.1_(1_1)x.1. 

Thus  the  algebraic  sum  in  question  is  the  sum  of  all  positive 
integers  not  greater  than  n  and  not  prime  to  it.  Now  the 
number  of  these  integers  is  equal  to  the  excess  of  the  number 
of  positive  terms  in  the  whole  sum,  as  originally  written,  above  the 
number  of  negative  terms  :  that  is,  it  is 

l  +  l+l  +  ...)_(l  +  l+i+...U(J_  +  J_  +  ;..)_... 

Kp     q     r        J     \pq    pr     qr        I     \pqr    pqs  ) 


+  (-  l)*"1 .  — 

pqrs. 


Subtracting  this  from  n,  we  have  finally 

#w_.(i-3(i-l)(i-i)... 


6  DIVISIBILITY  OF  NUMBERS. 

Corollary  1.       <f>  (pa)  =pa  (l  —  ^  =  pa~x  (p  - 1). 

Corollary  2.    If  m  is  prime  to  m, 

<j>  {mm')  =  <f>  (m) .  (/>  (m). 

For  let  r. . .  be  the  different  primes  which  divide  m,  and 
p,  q',  r  ...  those  which  divide  ra\  Then 

♦  <„) .  ♦(«,')  -  » (i  -  !)  (i  -  J)  (i  - 1) 
«-'('-?)(>-?)••• 

— t-J)(-D  •('-))(>-»••■ 

=  (fy  {mm!) : 

observing  that  none  of  the  primes  p,  q,  r...  can  be  found  in  the 
set  p'j  q',r  — 

It  is  not  difficult  to  prove  Corollaries  1  and  2  independently, 
and  thence  to  deduce  the  main  proposition.  This  is  the  method 
adopted  by  Gauss  {Disqwisitiones  Arithmetical,  Art.  38). 

8.  If  d,  oVy  d!' ...  are  all  the  divisors  of  n  (1  and  n  inclusive) 
then 

<t>(d)+<f>(d')  +  <l>(d")+...=n. 
Resolve  n  into  its  prime  factors,  so  that  n  =  aalPci .... 
Then  any  divisor  of  n  is  of  the  form 

a  ¥cv...  (a  ^\  ^  0,  etc.) 

so  that 

2</>  (d)  =  %<j>  (atirif. . .)  =  2<£  (O  .  <f>  (&*) .  <j>  (c). . . 
=  {1  +  <f>  (a)  +  4>  (a2)  +  . . .  +  <f>  (aa)} 
x  {I +  <f>(b)  + $(&)+...  +  <!>(&)} 

x  {1  +<Mc)  +  <Mc2)+...  +  <Mc*))  x 
=  {1  +  (a-  1)  +  a  (a  -  1)+  ...  +a«~1  (a  -  1)J 
x  {l  +  (6-l)  +  6(6-l)+...+^-1(6-l)J  x  ... 
=  aa  .  ¥  .  cy...  =rt. 
(For  another  proof,  see  Gauss,  D.  A.  Art.  39.) 
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Congruences. 

9.  If  the  difference  of  two  integers  b  and  c  is  divisible  by  m, 
b  and  c  are  said  to  be  congruent  (or  congruous)  with  respect  to  the 
modulus  m,  and  this  is  expressed  in  writing  by 

b  =  c  (mod  m). 

This  is  clearly  the  same  thing  as  c  =  b  (mod  ra).  Each  of  the 
numbers  b,  c  is  said  to  be  a  residue  (mod  ra)  of  the  other.  With 
respect  to  a  given  modulus,  every  number  b  has  an  infinite 
number  of  residues  which  are  included  in  the  expression  b  +  \ra, 
\  being  any  integer. 

In  all  that  follows  the  modulus  is  supposed  to  be  positive. 

Any  number  is  congruent  (mod  ra)  to  one,  and  one  only,  of  the 
numbers  0,  1,  2  ...  (m  —  1) :  or  again  to  one,  and  one  only,  of  the 
series  0,-1,-2,...  —  (m  —  1).  These  may  be  called  a  complete 
series  of  least  residues,  positive  and  negative  respectively. 

For  a  given  number  there  will,  generally  speaking,  be  one  and 

m 

only  one  residue  numerically  less  than  :  this  is  called  the 
absolutely  least  residue  of  the  number.  If  ra  is  even  there  will  be 
a  possible  residue  ^  ,  which  is  equivalent  to  —  ^  :  the  complete 
system  of  absolutely  least  residues  may  be  taken  to  be 

o,±i,±2...±^, 

while  if  ra  is  odd,  the  absolutely  least  residues  are  given  by 
0,  ±l,±2...±^. 

10.  The  following  propositions  are  fundamental  in  the  theory 
of  congruences :  most  of  them  are  so  obvious  as  not  to  require  a 
formal  proof. 

I.    If  a  =  b  (mod  ra),  and  a  =  c  (mod  ra), 
then  b  =  c  (mod  m). 

11.  If  a  =  a',  b  e  b',  c  s  c,  etc.  (mod  m), 

then  a±b±c±...  =  a±b'±c'  ±...  (mod  m). 

III.    If  a  =  a'  (mod  m), 
then  ka  =  ha!  (mod  m). 
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IV.  If  a  =  a  and  b~b'  (mod  ra), 
then  ab  ~  a'b'  (mod  ra). 

For  by  III.  ab  =  a'b  =  a'b'. 

V.  If  a  =  a',  6  =  6',  c  =  c',  etc.  (mod  m), 
then  a&c  . . .  =  a'fr'c'. . .  (mod  ra). 

Proved  by  repeated  application  of  IV. 

Hence  if  a  =  a'  (mod  ra), 

a*  =  a'fc  (mod  ra), 

k  being  a  positive  integer. 

Finally,  if  a  =  a',  b  =  b\  c=c',...  (mod  ra)  and  0  denote  a 
rational  integral  function, 

(a,  b,  c...)  =  <f)  (a\  b',  c, ...)  (mod  ra). 
All  the  above  propositions  are  precisely  analogous  to  the 
corresponding  theorems  for  ordinary  equations :  but  there  is  one 
case  not  yet  considered  where  the  analogy  ceases  to  hold  good. 
Namely  from  the  equation  ka  =  ka'  we  infer  that,  if  k  is  neither 
zero  nor  infinite,  a  — a':  but  from  the  congruence  ka  =  ka'  (mod  ra) 
we  cannot  infer  that  a  =  a  (mod  m)  unless  k  is  prime  to  m.  The 
legitimate  inference  is  contained  in  the  following  theorem. 

VI.  If  ka  =  kb  (mod  m), 

then  a  =  b  (mod  m/d), 

where  d  is  the  greatest  common  measure  of  k  and  m. 

For  suppose  &  =  k'd,  m  =  mW,  where  k'  is  prime  to  ra'.  Then 
(&a  —  A;6)/m  =  k'd  (a  -  b)/m'd  =  k'  (a  -  b)/m  :  and  since  k'  is  prime 
to  m',  a  —  b  must  be  a  multiple  of  m' :  that  is,  a  =  b  (mod  7ft'),  or, 
which  is  the  same  thing,  a  =  b  (mod  m/d). 

11.      Consider  the  congruence 

axn  +  bx71-1  +  . . .  +  I  =  0  (mod  ra), 

where  a,  6,  C...Z  are  given  numbers  and  x  is  undetermined.  Any 
integral  value  of  x  which  satisfies  the  congruence  may  be  called  a 
root  of  the  congruence. 

The  coefficients  a,  b,  c...l  may  be  replaced  by  any  other  co- 
efficients which  are  congruent  to  them,  and  in  particular  by  their 
least  residues,  without  affecting  the  meaning  of  the  congruence. 

If  f  is  any  value  of  x  which  satisfies  the  congruence,  any  one 
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of  its  residues  (mod  m)  will  also  satisfy  it.  It  is  convenient  to  say 
that  one  solution  is  given  by  x  =  f  (mod  m),  or  that  the  congruence 
has  one  root  x  =  f  (mod  m). 

If  |)  is  a  prime,  the  congruence 

/(a)  =  axn  +  fc^"1  +  ...  +  £  =  0  (mod  p) 
cannot  have  more  than  n  incongruent  roots. 

For  if  a  be  any  numerical  quantity  whatever, 

/(•)-(•-«)/.(•>+/(«) 

identically:  fi(%)  being  a  polynomial  of  degree  (n  —  1). 

Now  suppose  a  an  integer  such  that 
/(a)=0(mod^). 

Then  f(x)  =  (x  —  a)  /x  (a?)  (mod  p), 

independently  of  x. 

Let  (3  be  another  root  of  the  congruence  :  then  putting  x  =  /3y 
we  get 

and  therefore,  since  ft  is  supposed  incongruent  to  a, 

M/3)  =  0(modp). 

It  follows  as  before  that  a  polynomial  /2  (#)  can  be  found,  such 
that 

fx  0»)  =  {oo-  P)fi  (x)  (mod  p), 
independently  of  x :  and  so  on.    If  then  the  congruence  has  n  in- 
congruent roots  a,  /3,  y..A, 

fix)  =  a  (x  —  a)  (x  -  /3)  . . .  (#  —  X)  (mod  p), 

independently  of  x :  i.e.  this  is  an  "  identical "  or  "  indeterminate  " 
congruence. 

Now  let  0  be  any  integer  not  congruent  to  any  of  the  numbers 
a,  ft  7...X:  then f(6)  =  a{0  -  a)(0  - 0)  ...  ((9 -X) (mod ^).  None  of 
the  factors  on  the  right  is  a  multiple  of  p :  therefore,  since  p  is 
prime,  their  product  is  prime  to  p:  consequently  f{6)  is  prime 
to  p,  and  f(x)=0  cannot  have  any  roots  distinct  from  a,  0,  y...X. 

Observe  that  it  is  not  proved  that  the  congruence  actually  has 
w  roots  :  in  fact,  this  will  not  generally  be  the  case. 

If  a  congruence  of  the  nth  degree  is  satisfied  by  more  than  n 
incongruent  values  of  the  variable,  it  must  be  an  identical  con- 
gruence :  the  modulus  being  supposed  prime,  as  above. 
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Linear  Congruences. 

12.  Every  linear  congruence  with  one  unknown  quantity  can 
be  reduced  to  the  form 

ax  =  b  (mod  m). 

Suppose  in  the  first  place  that  a  is  prime  to  m.  Then  if  the 
numbers  0,  1,  2...(ra  — 1)  are  each  multiplied  by  a,  the  resulting 
products  are  all  incongruent  (mod  m).  For  if  two  of  them  were 
congruent,  say  ae=af,  then  a  (e  —  /)  =  0;  whence  e  —  f=  0,  since  a 
is  prime  to  m :  but  this  cannot  be,  because  e—fis  less  than  m  and 
different  from  zero.  Hence  the  least  positive  residues  of  the  pro- 
ducts will  be  the  numbers  0,  1,  2...(m  —  1),  of  course  in  a  different 
order.  For  example,  suppose  m  — 12,  a  =  5  :  then  when 
a;  =  0, 1,  2,  3,  4,  5,  6,  7,  8,  9,  10,  11 
ax  =  0,  5,  10,  3,  8,  1,  6,  11,  4,  9,  2,  7. 

Since  the  products  form  a  complete  system  of  residues,  one  and 
only  one  of  them  is  congruent  to  b,  hence  the  congruence  ax  =  b 
has  one  and  only  one  root. 

For  instance,  to  solve  5a?  +  11  =  2  (mod  12). 

This  gives  5a?  =  —  9  =  3  :  and  the  preceding  table  shews  that 
the  solution  of  this  is  x  =  3  (mod  12). 

When  the  modulus  is  large,  this  method  becomes  laborious,  and 
it  is  necessary  to  find  a  more  convenient  practical  method. 

In  the  first  place,  the  solution  of  ax  =  b  may  be  deduced  from 
that  of  ax  =  ±  1.  Namely  if  x  =  f  be  the  solution  of  the  latter, 
then  x  =.+  6f  is  the  solution  of  the  former. 

Now  the  congruence  ax  =  ±  1  (mod  m)  is  equivalent  to  the 
indeterminate  equation  ax  —  my—±l:  and  this  can  always  be 
solved  by  reducing  m/a  to  a  continued  fraction  :  namely,  if  p/q  be 
the  convergent  immediately  preceding  m/a,  ap  —  mq  —  ±  1 :  so  that 
the  solution  o{ax=±lisx=±p  (where,  of  course,  the  signs  do 
not  necessarily  correspond). 

For  example,  to  solve  365#  =  11  (mod  1887)  the  work  may  be 
arranged  as  follows : 

5  365  1887  5 
7        55  62  1 

6  6  7  1 
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The  successive  partial  quotients  being 
5,  5,  1,  7,  1,  6, 
the  numerators  of  the  convergents  are 

5    26    31    243    274  1887. 
Since  274  comes  in  an  odd  place 

365 .  274  =  -  1  (mod  1887) 
and  therefore  the  solution  of  the  proposed  congruence  is 
#  =  -11.  274  =-3014 
=  760  (mod  1887). 

Next  suppose  that  a  is  not  prime  to  m:  and  let  d  be  the 
greatest  common  divisor  of  m  and  a.  Then  in  order  that  the 
congruence  may  be  possible,  b  must  be  a  multiple  of  d :  so  that 
the  given  congruence  is  equivalent  to 

a       b  (     j  m\ 

This  may  be  solved  as  already  explained :  and  supposing  that 
the  solution  is  given  by  x  =  %  (mod  mjd),  the  original  congruence 
has  d  roots 

x  =  f  +  -jj-  (mod  m). 

(&=0,  l,2...(d-l)). 
In  the  case  of  a  composite  modulus,  it  is  sometimes  convenient 
to  proceed  as  follows. 

Let  the  modulus  m—pq,  and  the  proposed  congruence 
ax=b  (mod  m), 

where  a  may  be  supposed  prime  to  m,  and  therefore  to  p  and  q. 

Let  the  solution  of  ax  =  b  (mod  p)  be  x  =  f  (mod  p).  Substitute 
f  +  yp  for  x  in  the  given  congruence  :  thus  af  +  ayp  =  b  (mod  pq), 
or  ayp  =  b  —  ag  (mod  pq).  Now  b  —  af  is  a  multiple  of  p}  —  b'p 
say :  therefore  ay  =  6r  (mod  5).  Suppose  the  solution  of  this  is 
y  =  t\  (mod  #) :  then  that  of  the  original  congruence  is  x  =  ^-\-pij 
(mod  m). 

By  repeated  application  of  this  process  the  solution,  of  a 
congruence  with  a  composite  modulus  may  be  made  to  depend  on 
the  solution  of  a  set  of  congruences  each  with  a  prime  modulus. 

For  example,  consider  the  congruence  already  solved, 
365^=11  (mod  1887). 
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Here  1887  =3. 17.  37:  and  starting  with  S65x  =  11  (mod  37), 
which  reduces  to  —  5x  =  11  (mod  37),  we  find 

11  +  2.37  %tr/ 
tc  =  -  =  -  17  (mod  37). 

Put  a?=  S7y-  17  :  then 

37  . 3652/  =  17 . 365  +  11  =  6216  (mod  1887), 
.-.    3652/ =168  (mod  51) 
whence  8y  =  1 5  (mod  51), 

.\    y  s  0  (mod  3)  or  y  =  Sz  say, 
where  8z=  5  (mod  17), 

.-.        7  (mod  17), 
and  thence  successively     y  =  21  (mod  51), 

x  =  37.  21  -17  (mod  1887) 
=  760  (mod  1887). 

13.  A  good  illustration  of  the  preceding  methods  is  afforded 
by  the  problem  of  finding  a  number  having  given  residues 
aliaa...ar  with  respect  to  the  given  moduli  m1,  m2...mr. 

Let  p,  q,r...  be  the  different  primes  which  are  factors  of  one 
or  more  of  the  moduli,  and  let 

be  the  least  common  multiple  of  7nX)  m2...mr. 

Then  pa  is  a  factor  of  one  modulus  at  least,  and  no  higher 
power  of  p  divides  any  other  modulus. 

Suppose  rrii  =  0  (mod  pa) :  then  the  required  number  (x)  must 
=  a,i  (mod  pa),  and  if  any  other  modulus  contain  a  factor  pa',  it 
is  necessary  that  a?  =  di  (mod  pa'). 

Similarly  if  qp,  r*...  are  contained  in  ny,  mk... 

x  =  dj  (mod  qt),   =  ak  (mod  r*),  etc. 
with  a  set  of  conditions  similar  to  that  above  written,  in  order 
that  the  given  congruences  may  be  consistent. 

Now  let  fi,  £j,  &     be  numbers  such  that 

sr 

p.fe==l(mod  gP)t 

and  so  on :  then  a  suitable  value  for  x  will  be 
m     «.  ,  m     y     m  «. 
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For  it  is  clear  that 

x  =  Ja-a&  (mod  Pa) 
=  di  (mod  pa), 
and  similarly  x  =  a,j  (mod  q&),  etc. 

If  this  value  of  x  be  called  to,  all  the  admissible  values  of  x  are 
given  by  x  =  co  (mod  m). 

14.  Let  ^4,  5,  (7...  be  any  integers,  and  let  M  be  their 
greatest  common  divisor:  then  it  is  always  possible  to  find 
integers  a,      7...  such  that 

aA  +  /3B  +  yC+...=M. 

For  let  M1  be  the  highest  common  divisor  of  A  and  B,  so  that 
A=M1A',  B  =  M1B'.  Then  we  can  find  integers  x,  y  such  that 
xA'  +  yB'  =  1 :  namely  by  solving  the  congruence  A'x  =  1  (mod  B'), 
which  can  always  be  done,  because  A'  is  prime  to  B'. 

Hence  so  A  +  yB  =  M1  (xA '  +  yB')  =  Mx . 

Now  let  M2  be  the  greatest  common  divisor  of  Mi  and  G :  then 
we  can  find  integers  x' ,  yf  such  that 

M2  =  x'Mx  +  y'G  =  x'xA  +  x'yB  +  y'G. 

It  is  clear  that  M%  is  the  greatest  common  divisor  of  A}  B,  G : 
so  that  the  theorem  is  proved  for  three  integers  A,  B,  G;  and  by 
proceeding  in  the  same  way,  we  can  prove  it  for  any  number  of 
integers. 

15.  Consider  a  set  of  simultaneous  linear  congruences  in- 
volving n  unknown  quantities : 

alx1  +  a^x2  +  . . .  +  anxn  =  rx  (mod  m^}  N 
+      +  . . .  +  bnxn  =  r2  (mod  m2) 

\xx  +  l&z  +  . . .  +  Zna?n  =  rn  (mod  mn) 
Let  ra  be  the  least  common  multiple  of  ra^  m2...mn:  then  the 
given  set  of  congruences  may  be  replaced  by  the  equivalent  set 
(cf.  Art.  10), 

m  m  m  m      /     ,  . 

—  axxx  H  +  ...  H  =  —  rx  (mod  w), 

—  bxxx  H  +  ...  H  6n#n  =  —  r2  (mod  m),  etc. : 

m2  m2  m2  m2      v  7 

so  that  there  is  no  loss  of  generality  if  the  modulus  is  supposed  to 
be  the  same  for  all  the  congruences. 
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The  principle  of  the  following  solution  is  to  substitute  for  the 
given  congruences  an  equivalent  set  involving  respectively  n, 
(n  —  1),  (11  —  2),... 2,  1  of  the  unknown  quantities. 

The  two  linear  congruences  u  =  0,  v  =  0  are  equivalent  to  u  =  0 
and  u  —  kv  =  0,  provided  k  is  an  integer  prime  to  the  modulus : 
viz.  from  the  congruences  last  written  we  infer  successively  kv  =  0, 
and  thence  v  =  0,  since  k  is  prime  to  m. 

For  simplicity  take  three  variables  x,  y,  z,  and  suppose  the 
congruences  to  be 

ax  +  by  +  cz  =  d  \ 

ax  +  b'y  +  c'z  =  d'  (mod  m)  I  &• 

a"x  +  b"y  +  c"z  =  d"  J 

Assume,  also,  for  the  present,  that  the  coefficients  a,  a',  a"  have 
no  common  divisor  except  1.  Then  it  is  possible  to  find  integers 
p,  q,  r  so  that  pa  +  qa'  +  ra"  =  1. 

Multiply  the  congruences  (i)  in  order  by  p,  q}  r  respectively 
and  add:  thus 

x  +  ( pb  +  qb'  +  rb")  yt  +  (pc  +  qc'  +  rc")  z  =  pd  +  qd'  +  rd"  . . .  (ii). 
Now  one  at  least  of  the  integers  p,  q,  r  must  be  prime  to  m : 
suppose  p  is  so  :  then  if  the  first  of  the  congruences  (i)  is  replaced 
by  (ii),  we  get  a  new  set  of  three  equivalent  to  those  given. 
Eliminate  x  from  the  first  and  second,  and  from  the  first  and 
third  of  the  new  set :  thus  the  original  set  is  replaced  by  three 
equivalent  congruences  of  which  the  first  is  (ii),  while  the  others 
are  of  the  form 

ey  +fz  =g 
e'y+fz  =  gf. 

The  process  may  now  be  repeated:  and  it  is  clear  that  the 
reasoning  is  quite  general,  and  that  we  get  finally  a  set  of 
equivalent  congruences  of  the  character  stated  above. 

Now  solve  the  last  congruence,  which  contains  only  one 
variable:  substitute  in  the  last  but  one,  and  solve  for  the 
unknown  variable,  and  so  on. 

For  example  take  the  following,  given  by  Gauss : — 

(1)  &»  +  5y+  *  =  4, 

(2)  2x  +  3y  +  2z=7  (mod  12), 

(3)  5x  +  y  +  3z=6. 


fermat's  theorem. 
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Subtracting  the  second  congruence  from  the  first, 

(4)  x  +  2y  -  z  =  -  3. 
Eliminating  x  from  (4),  (2)  and  (3),  (2)  respectively, 

(5)  -  y  +  4*=l, 

(6)  -9y  +  8z=9. 
Combining  (5)  and  (6), 

8*  =  0. 

Thus  the  original  set  is  replaced  by 

x+2y  -  z  =  -S 
-  y  +  4<z=  1 
Sz=  0. 

The  last  of  these  gives 

z=  0,  3,  6,  9   (mod  12): 
and  hence  correspondingly 

yjsll,  11,  11,  11, 
a  =  11,    2,    5,  8. 
If  the  coefficients  a,  a',  a"  have  6  for  their  greatest  common 
measure  we  can  find  integers  p,  q,  r  so  that  pa  +  qa'  +  ra"  =  0,  and 
the  argument  proceeds  as  before,  except*  that  instead  of  (ii)  we 
have  a  congruence 

Ox  +  (pb  +  qb'  +  rb") y  +  (pc  +  qc'  +  re")  z=pd  +  qd'  +  rd' 
and,  as  before,  x  may  be  legitimately  eliminated  from  this  and  two 
of  the  three  given  congruences.    The  same  thing  may  occur  at 
any  stage  of  the  process. 

Of  course  in  the  application  of  this  method  we  may  arrive  at 
an  insoluble  congruence :  namely,  one  in  which  the  coefficients  of 
the  variables  are  all  divisible  by  a  factor  of  m  which  is  not 
contained  in  the  absolute  term :  the  given  system  is  then 
insoluble. 

Fermafs  Theorem. 

16.  If  p  is  a  prime,  and  a  any  integer  prime  to  p,  then 
ap-i  =  i  (mod  p). 

The  numbers  a,  2a,  3a,... (p  —  I) a  are  all  incongruent  to 
each  other  (mod/)):  their  least  positive  residues  are  therefore 
I,  2,  S...(p  —  1)  in  a  certain  order :  consequently 

a.2a.3a...(^-l)a  =  l  .2.3...(p-l)  (mod/)). 
Dividing  both  sides  by  (p  —  1) !,  which  is  prime  to  p,  we  get 
aP-1  =  1  (mod  p). 
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This  very  important  and  beautiful  theorem  may  be  generalized, 
so  as  to  include  the  case  of  a  composite  modulus.  The  more 
general  statement  of  the  theorem  is  as  follows: — 

If  a  is  any  integer  prime  to  m,  then  a*{m)  =  1  (mod  m). 

The  proof  is  exactly  similar  to  that  of  the  original  theorem. 
Namely,  if  a,  ft,  y, . .  .\  are  the  <f>  (m)  numbers  which  are  less  than 
m  and  prime  to  it,  the  products  aa,  aft,  ay...a\  are  all  prime  to  m  : 
moreover  no  two  of  them  are  congruent  (mod  m) :  for  instance 
aa  =  aft  would  give  a  (a  —  ft)  =  0,  and  thence  a  =  ft,  which  is  absurd, 
since  a,  ft  are  both  less  than  m.  Hence,  as  above,  the  products 
aa,  aft,...  are  congruent  to  a,  ft,  y...\  in  a  different  order:  and 
therefore 

aa.aft.  ay...a\  =  afty...X. 
Dividing  by  afty...X,  which  is  prime  to  m,  we  obtain 
a<Mm)  =  i  (mod  m). 

Wilson's  Theorem. 

17.  Returning  to  the  case  of  a  prime  modulus,  it  will  be  seen 
that  Fermat's  Theorem  is  equivalent  to  the  statement  that  the 
congruence  xP~l  —  1=0  (mod  p)  has  exactly  (p  —  1)  incongruent 
roots,  viz.  %=  1,  2, ...  (p—  1)  respectively;  hence,  by  Art.  11,  the 
congruence 

=  (#-l)(#-2)...(#-p  +  l)  (mod p) 

is  an  identical  congruence.  Putting  oc  =  0,  we  infer  that  when 
p  is  an  uneven  prime 

—  1  =  (p  —  1) !  (mod  p). 

This  remarkable  result  is  known  as  Wilson's  Theorem.  It 
should  be  observed  that  the  congruence  last  written  is  true  only 
when  p  is  a  prime :  for  if  p  is  composite,  (p  —  1) !  must  involve  one 
at  least  of  the  prime  factors  of  p,  and  therefore  cannot  =  —  1 
(mod  p). 

An  independent  proof  of  Wilson's  Theorem  may  be  given. 
Let  a  be  any  number  less  than  p  and  positive :  then  the  con- 
gruence ax  =  1  (mod  p)  can  be  satisfied  by  one  and  only  one  value 
of  x  which  is  positive  and  less  than  p.  Let  this  be  a!,  so  that 
aa'  =  1  (mod  p).  Generally  speaking,  a  is  distinct  from  a :  for  the 
congruence  a2  =  1  (mod  p),  or  (a  -  1)  (a  + 1)  =  0  (mod  p),  gives 
a  =  l  or  (p  —  1).    Hence  the  numbers  2,  3,  4...(p-2)  can  be 
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distributed  into  pairs  (a,  a!)  (b,  b')...  such  that  aa'  =  bb'  =  ...  =  1 
(mod  p).  The  numbers  a,  b  being  different,  so  also  will  be  a!  and 
b' :  for  if  a'  =  b'  it  follows  that  a  =  6,  which  is  impossible,  since  a,  b 
are  both  positive  and  less  than  p. 

Hence  the  product 

2.SA...(p-2)  =  (aa')(bb')... 

=  1  (mod  p). 

Multiplying  by  p  -  1,  we  have 

(p  —  l)\  =p  —  l=  —  l  (mod p). 

Residues  of  Powers.  Indices. 

18.  Let  a  be  any  number  prime  to  the  modulus  m.  Consider 
the  series  of  numbers 

1,  a,  a2,  a3  a™"1 

composed  of  the  successive  powers  of  a.  These  are  all  prime  to  m  : 
therefore  their  least  positive  residues  are  included  in  the  series 
1,  2,  3  ...  (ra  —  1).  Since  there  are  m  numbers  altogether,  at  least 
two  of  them  must  be  congruent  to  each  other :  suppose  a*  =  a" 
where  fi>v.  Then  a^~v  =  1  or  a1  =  1  say,  where  t  is  positive  and 
less  than  m. 

Suppose  /  is  the  least  positive  exponent  for  which  a*  =  1 
(mod  m) :  then  f  is  said  to  be  the  exponent  to  which  a  appertains 
(mod  m). 

The  numbers  1,  a,  a2,...a/~l  are  all  incongruent.  For  if  any 
two  of  them  were  congruent,  say  ap  =  aq,  where  both  p  and  q  are 
less  than  /,  it  would  follow  that  ap~q  =  1  where  p  ~  q  is  a  positive 
integer  less  than  /:  this  contradicts  the  definition  of /. 

Hence  in  the  series 

1,  a,  a2,  a3, ...  ad  inf. 
the  residues  of  the  successive  terms  recur  periodically,  there  being 
/  residues  in  each  period :  and,  generally,  ah  =  ak  (mod  m)  if  h  =  k 
(mod  f),  and  conversely. 

For  instance,  suppose  the  least  positive  residue  of  51000  (mod  31) 
be  required.  We  have  53  =  125  =  1  (mod  31) :  and  since  1000  =  1 
(mod  3),  51000  =  5  (mod  31). 

It  has  already  been  proved  that  a*(m)  =  1  (mod  m) :  hence 
<f>  (m)  =  0  (mod  f),  that  is,  the  exponent  to  which  a  appertains  is  a 
divisor  of  <j>  (m). 


18 


RESIDUES  OF  POWERS. 


This  important  result  may  be  proved  independently.  It  is 
clear  in  the  first  place  that  /  cannot  exceed  <f>  (m),  because  there 
are  only  (j>(m)  numbers  less  than  m  and  prime  to  it,  and  the 
numbers  1,  a,  a2, ...  a^-1,  are  all  incongruent  and  prime  to  to.  If 
f  is  less  than  <j>(rn),  there  will  be  at  least  one  number  b  less 
than  m  and  prime  to  it,  and  not  congruent  to  any  of  the  numbers 
1,  a,  a2, . . .  af~\    Consider  the  series 

b,  ba,  ba2,...ba/~\ 

These  are  all  incongruent  (mod  to):  moreover  none  of  them 
can  be  congruent  to  any  of  the  former  series.  For  if  bah  =  a*  then 
b  =  ak~h  or  =  a/+k~h,  according  as  k  is  greater  or  less  than  h  i  in 
each  case,  b  is  congruent  to  one  of  the  first  series,  contrary  to 
hypothesis.  If  all  the  numbers  less  than  to  and  prime  to  it  are 
congruent  to  some  or  other  of  the  2/  numbers  thus  obtained,  then 
2/=  <f>  (to) :  if  not,  let  c  be  one  of  those  that  remain,  and  form  the 
series  c,  ca,  ca2, . . .  caf~x :  these  are  all  incongruent  to  each  other 
and  to  the  first  series.  They  are  also  incongruent  to  all  of  the 
second  series :  for  if  cah  =  bak,  c  =  bak~h  or  =  baf+k~h  according  as  k 
is  greater  or  less  than  h :  in  either  case  c  is  congruent  to  a  number 
belonging  to  the  second  system,  and  this  is  contrary  to  hypothesis. 

If  the  least  positive  residues  of  the  3/ numbers  now  obtained 
do  not  exhaust  all  the  <f>  (to)  numbers  less  than  m  and  prime  to  it, 
take  d,  one  of  those  that  remain,  and  form  the  least  positive 
residues  of  d,  da,  da2,  ...  da*'1 ;  and  so  on.  It  is  clear  that  in  this 
way  the  complete  set  of  <j>  (m)  residues  must  at  last  be  exhausted, 
and  since  we  get  additional  residues  in  sets  of  /  at  a  time,  <j>  (m) 
must  be  a  multiple  of  / 

Fermat's  Theorem  may  be  immediately  deduced  from  this :  for, 
putting  4>(m)=ef, 

a^m)  =  (a/y  =  le  =  1  (mod  m). 

19.  Suppose  now  that  the  modulus  is  a  prime  number  p.  It 
has  been  proved  that  the  exponent  /  to  which  any  number  apper- 
tains (mod  p)  is  a  divisor  of  (p  —  1).  The  question  arises  :  having 
given  d  any  divisor  of  (p  —  1),  are  there  any  numbers  which  belong 
to  the  exponent  d,  and  if  so,  how  many  such  numbers  are  there  ? 

Let  yjr  (d)  denote  the  number  of  integers,  positive  and  less  than 
p,  which  appertain  to  the  exponent  d.  Suppose  there  is  at 
least  one  such  integer,  a.  Then  all  the  numbers  a,  a2,  a3  ...ad  are 
incongruent  (mod  p)  and  they  are  all  roots  of  the  congruence 
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a?  =  1  (mod  p).  Hence  there  are  no  other  distinct  roots  of  this 
congruence;  otherwise  it  would  have  more  than  d  incongruent 
roots.  Now  if  we  take  ak,  where  k  involves  a  factor  of  d, — h 
suppose, — we  have  (ak)d/6  =  (<zd)*/a  =  1,  where  the  exponent  d/B<d: 
consequently  d  is  not  the  exponent  to  which  ak  appertains.  On 
the  other  hand,  if  k  is  prime  to  d,  and  /  is  the  exponent  to  which 
ak  appertains,  (akY  =  1  (mod  p),  therefore  kf=0  (mod  d),  whence 
/=0  (mod  d),  since  k  is  prime  to  d.  The  smallest  admissible 
value  of  /  is  therefore  d :  moreover  (ak)d  =  (ad)k  =  1  (mod  p) :  so 
that  in  fact  d  is  the  exponent  to  which  ak  appertains.  We  thus 
obtain  <f>  (d)  numbers  appertaining  to  the  exponent  d :  but  as  it 
has  not  yet  been  proved  that  any  such  number  as  a  actually 
exists,  all  that  can  be  inferred  at  present  is  that  >/r  (d)  =  <j>  (d)  or  else 
yjr(d)=  0.  But  since  every  one  of  the  numbers  1,  2,  3  ...  (p  —  1) 
appertains  to  some  exponent  or  other,  and  each  exponent  is  a 
divisor  of  (p  —  1),  it  follows  that 

ty{d)  +  ty(d')  +  ^(d")  +  ...=p-\, 
where  d,  d',  d" ...  are  the  different  divisors  of  (p—  1).    But  it  has 
already  been  proved  that 

<f>  (d)  +  <f>  (d')  +  <f>  (<T)  +  . . .  =  p  -  1 , 
and  therefore  yfr  (d)  can  never  be  zero,  but  must  always  be  equal  to 
<f>(d)    Thus  there  are  exactly  <f>(d)  numbers  positive  and  less 
than  p  which  appertain  to  the  exponent  d. 

In  particular  there  are  <f>  (p  -  1)  such  numbers  which  apper- 
tain to  the  exponent  (p  —  1).  These  numbers  are  called  primitive 
roots  of  p. 

20.  On  account  of  the  great  importance  of  primitive  roots,  it 
is  desirable  to  give  a  practicable  method  by  which  they  may  be 
found.  When  one  has  been  discovered,  the  others  may  be  found, 
if  required,  without  difficulty :  namely,  if  g  is  any  one  primitive 
root,  then  the  whole  system  of  primitive  roots  consists  of  the  least 
positive  residues  of  g,  ga,  gP,...gx,  where  1,  a,  are  the 

<f>  (p  -  1)  numbers  less  than  (p  —  1)  and  prime  to  it. 

The  principle  of  the  following  method,  which  is  due  to  Gauss 
(D.  A.  Art.  73),  is  to  find  a  succession  of  integers  appertaining  to 
higher  and  higher  exponents  :  it  is  clear  that  if  this  can  be  done  a 
primitive  root  must  at  last  be  obtained. 

Take  any  number  prime  to  p  (in  practice  2  is  the  most  con- 
venient, as  being  the  smallest) :  let  this  be  a,  and  form  the  period 
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of  least  positive  residues  of  its  powers1.  If  there  are  (p  —  1)  terms 
in  the  period,  a  is  a  primitive  root.  If  not,  suppose  there  are  / 
terms  in  the  period.  Take  any  other  number  b  not  congruent  to 
any  power  of  a,  and  calculate  its  period.  Suppose  there  are  g 
terms  in  this  period,  where  g  <  p  —  1 :  (otherwise  b  is  a  primitive 
root,  and  we  need  not  continue).  There  are  two  cases  to  consider : 
either  g  is,  or  is  not  a  multiple  of  /.  Take  the  latter  case  first, 
and  let  w  be  the  least  common  multiple  of  /  and  g.  Then  we  may 
always  put  m  =  fg'y  where  /',  g'  are  prime  to  each  other,  and  such 
that  /'  is  a  divisor  of/,  and  g  a  divisor  of  g.  For  let  q  be  a  prime 
divisor  of  m,  and  qk  the  highest  power  of  q  contained  in  m.  Then 
qk  must  divide  one  or  both  of  /  and  g  :  if  it  divides  /  but  not  g, 
take  it  as  a  factor  of  /':  if  it  divides  g  but  not  /,  take  it  as  a  factor 
of  g'\  if  it  divides  both  /  and  g,  take  it  as  a  factor  of  /'  or  g  (it 
does  not  matter  which):  and  similarly  for  any  other  power  of  a 
prime  contained  in  m. 

Then  evidently  a/I?  appertains  to  the  exponent  f  and  b9®  to 
the  exponent  g'\  and  therefore  a/V,  b?W  appertains  to  the  exponent 
fg'j  that  is,  m.  For  suppose  X  to  be  the  exponent  to  which 
a/If  .bpti  appertains:  then  aA///'.fcW  =  l  (mod  p):  this  requires 
that  \  =  0  (mod  /')  and  X  =  0  (mod  g),  and  since  f  is  prime  to  g' 
it  follows  that  \  =  0  (mod  fgf),  so  that  the  smallest  admissible 
value  of  \  is  fg'  or  m. 

Secondly,  g  may  be  a  multiple  of  /  Then  g>f,  so  that  in 
this  case,  as  in  the  other,  we  have  succeeded  in  finding  a  number 
appertaining  to  a  higher  exponent  than  that  to  which  a 
appertains. 

The  process  may  be  continued,  and  since  we  get  a  higher 
exponent  every  time,  we  must  at  last  arrive  at  a  primitive  root. 

For  example,  to  find  a  primitive  root  of  97. 

Forming  the  period  of  the  powers  of  2,  the  least  positive 
residues  are 

2     4     8    16    32    64    31    62    27  54 

11  22    44    88    79    61    25    50     3  6 

12  24  48  96  95  93  89  81  65  33 
66  35  70  43  86  75  53  9  18  36 
72    47    94    91    85    73    49  1 

/=48. 

1  Of  course,  in  doing  this,  multiples  of  p  are  rejected  whenever  an  opportunity 
occurs. 
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(Observe  that  since  96  =  —  1  (mod  97)  the  second  half  of  the 
residues  is  obtained  by  subtracting  each  of  the  first  half  from  97.) 

The  smallest  number  not  contained  among  the  preceding 
residues  is  5,  and  on  forming  its  period,  we  find  it  to  be  a 
primitive  root. 

Again  suppose  p  —  73  (Gauss's  example). 
Let  a  =  2  :  the  series  of  power-residues  is 

2    4    8    16    32    64    55    37  1 
/=9. 

Put  b  =  3  :  the  power-residues  are 

3    9    27    8    24    72    70    64    46    65    49  1 
/.  #  =  12. 

Thus  ra  =  36,  f  =  9,   g'  =  4, 

a/7/".&^=:2.33=  54, 
so  that  54  appertains  to  the  exponent  36. 

Forming  its  period,  and  taking  the  number  5,  not  contained  in 
it,  this  is  found  to  be  a  primitive  root. 

21.  Suppose  that  g  is  a  primitive  root  of  p :  then  since 
the  least  positive  residues  of  1,  g,  g2...gp~2  are  the  numbers 
1,  2,  3...(p  —  1)  in  a  certain  order,  any  number  a  which  is  prime 
to  p  must  be  congruent  (mod  p)  to  some  power  of  g.  If  ga  =  a 
(mod  p),  a  is  called  the  index  of  a  to  the  base  g,  and  may  be 
denoted  by  ind^a.  Evidently,  to  a  given  base,  a  has  an  infinite 
number  of  indices  all  congruent  (mod  p  —  1):  these  are  not 
considered  to  be  distinct.  It  is  sometimes  convenient  to  consider 
the  least  positive  value  of  a  as  the  index  of  a  (to  the  base  g)  par 
excellence. 

These  indices  possess  properties  analogous  to  those  of  loga- 
rithms :  it  is  obvious  from  the  definition  that 

ind  (ab)  =  ind  a  +  ind  b  \ 
ind  am  =  m  ind  a 


ind  y  =  ind  a  —  ind  b 
o 

ind  1  =  0 


-  (mod  p  —  1), 


the  indices  in  each  congruence  being  supposed  to  refer  to  the 
same  base. 
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It  should  be  noticed  that  the  index  of  any  number  depends 
upon  the  particular  primitive  root  which  is  taken  for  a  base. 
Suppose  that  g,  h  are  different  primitive  roots  of  p,  and  let 
ind^  h  =  X  so  that  h  =  gx  (mod  p)  :  then  if  ra  is  any  number  prime 
to  p,  and  fit  its  index  to  base  h,  m  =  =  g^  (mod  p):  so  that 
ind^  m  =  \fjb  =  indg  h  .  ind^  ra  (mod  p  —  1).  In  particular,  putting 
m=g,  mdg  h .  mdhg  =  1  (mod  ^?  —  1). 

A  complete  table  of  indices  may  be  used  to  obtain  the  solution 
of  the  binomial  congruence  axn  =  b  (mod  p) :  namely  this  gives 
ind  a  +  n.  ind  x  =  ind  b  (mod  p  —  1),  a  linear  congruence  to  find 
ind  x ;  ind  a  and  ind  6  being  given  by  the  table.  Then  ind  x 
being  known,  another  reference  to  the  table  gives  x. 

This  method  is  of  no  direct  theoretical  interest,  because  a 
complete  table  of  indices  in  fact  contains  a  record  of  all  the 
solutions  of  xn  =  a  (mod  p) ;  so  that  we  are  really  only  looking 
out  a  result  already  obtained  by  trial.  The  result,  however,  is 
valuable,  indirectly,  in  connection  with  the  further  theory  of 
binomial  and  other  congruences. 


22.  Let  /  be  the  exponent  to  which  a  appertains:  then 
a*  =  1  =  gp_1  (mod  p),  g  denoting  (as  usual)  a  primitive  root  of 

  £ 

p.     Hence  /.  ind  a  =  0  (mod  p  —  1) :   so  that  ind  a  =j  (p  —  1), 

where  k  is  some  integer.    Now  k  is  always  prime  to  /:  for  if 

k  k' 

not,  suppose  k  =  mk',  f=  mf,  then  j{p  —  V)  —j,  (p  —  1),  and  hence 

a1'  =  gk'  {p~1]  =  1  (mod  p),  where  f  <  f:  but  this  is  impossible,  since 
/  is  the  exponent  to  which  a  appertains. 

Hence  whatever  primitive  root  g  may  be,  (p  —  l)/f  is  the 
greatest  common  measure  of  (p  —  1)  and  ind^  a. 

Conversely  if  ra  is  the  greatest  common  measure  of  (p  —  1)  and 
ind  a,  (p  —  l)/ra  is  the  exponent  to  which  a  appertains. 

23.  If  p  is  a  prime  number  greater  than  3,  the  product  of  all 
the  primitive  roots  of  p  =  1  (mod  p). 

For  the  primitive  roots  are  congruent  (mod p)  to  g,  ga,  g^...gK, 
where  1,  a,  /3...X  are  the  numbers  less  than  (p-1)  and  prime 
to  it.     If  k  is  less  than  (p-1)  and  prime  to  it,  so  also  is 
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(p  —  1)  —  k :  hence  the  above  series  can  be  distributed  into 
couples  such  as  gk,  gv-x~k :  now  gk .  gP~l~k  =  gP-1  =  1  (mod  p), 
and  therefore  the  product  of  all  the  primitive  roots  =  1  (mod  p). 

The  only  exception  occurs  when  k—p  —  1—  k,  or  k  =  ^(p  —  1) 
and  is  at  the  same  time  prime  to  (p  —  1) :  but  this  can  only  occur 
when  \  (p  —  1)  =  1,  that  is  when  p  =  3. 

24.  Suppose  p  —  1  =  aa  ¥  . .  .l\  where  a,  b,  c . .  .1  are  different 
primes.  Let  A  be  any  number  which  appertains  to  the  exponent 
aa.  Then 

1  +  A  +  A2  +  ...  +         =  0  (mod  js). 

Aa<l  -  1 

Also       l  +  ^La  +  J.2a  +  ...  +  ^a  =-j^r J  =0(mod^). 

Now  the  sum  of  all  the  numbers,  positive  and  less  than  p, 
which  appertain  to  the  exponent  aa  is  congruent  (mod  p)  to 

(1  +  A  +  A2+  ...  +Aa*~1)  -(1  +Aa  +  42a  +  ...  +  Aaa-a), 
and  is  therefore  a  multiple  of  p. 

It  is  here  supposed  that  a>l.  If  a  =  l,  the  sum  in  question 
is  congruent  to 

A  +  A2  +  A*  +  ...  +  Aa~l  =  -  \  (mod p). 

Thus  the  sum  of  all  the  numbers,  positive  and  less  than  p, 
which  appertain  to  the  exponent  aa  is  congruent  to  0  or  —  1 
(mod  p)  according  as  a  >  1  or  a  =  1. 

For  the  sake  of  brevity  write  <f>  (aa)  =  a!,  <f>  (¥)  =  b',...<f>  (lK)  =  V: 
let  A^A^.^Ag;  be  the  a  numbers  which  appertain  to  the  exponent 
aa,  and  so  on.    Then  any  number  of  the  form 

ABC...L 

will  appertain  to  the  exponent  aa¥cy ...  lx,  that  is,  to  (p  —  1) :  it  is 
therefore  congruent  to  a  primitive  root  of  p.  If  we  expand  the 
product 

(A,  +  A2+  ...  +  Aa,)(B1  +  B2+  ...  +  BV)...(L1  +  L,+     +  Lv), 

we  get  a  sum  consisting  of  <j>(p  —  l)  terms,  each  of  which  is 
congruent  to  a  primitive  root  of  p.  No  two  of  these  terms  are 
congruent  to  each  other:  for  suppose,  if  possible, 

ABC. .  .L  =  A'B'C. .  .1!  (mod  p). 
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Raise  both  sides  to  the  power  Wc* . .  J* :  thus  since      m  1  etc., 

A**~sA'**~  (modp), 
therefore       6^cy. .  .ind  A  =  fr^c*. .  .ind  A'  (mod    —  1), 
and  hence  ind  A  =  ind  A'  (mod  aa). 

Moreover  since  A  and      appertain  to  the  exponent  aa, 
ind  A  =  ind  J.'  =  0  (mod  6^c>. ..), 

by  Art.  22 ; 

therefore  finally,  since  aa  is  prime  to  &0c*...£\ 

ind  -4  =  ind  .4'  (mod  p  -  1), 

whence  A  =  A'  (mod  p). 

Similarly  we  could  conclude  that  B=B',  C  =  C'',...L  =  L' 
(mod  ;  but  any  two  terms  of  the  expanded  expression  must 
have  at  least  one  pair  of  corresponding  factors  such  as  A,  A' 
which  are  incongruent  (mod  p).  Hence  no  two  of  the  terms 
are  congruent :  so  that  the  expression  is  congruent  (mod  p)  to 
the  sum  of  all  the  primitive  roots  of  p. 

Now  if  any  one  of  the  exponents  a,  /3,  7...X  is  greater  than  1, 
that  is,  if  any  square  number  can  be  found  which  divides  (p  —  1), 
one  of  the  factors  of  the  expression 

(A,  +  A%  +...)  (Bj  +  B2  +...)...  (L,  +Z2+...)  =  0  (mod  p), 

so  that  in  this  case  the  sum  of  the  primitive  roots  =  0  (mod  p). 
If,  however,  each  exponent  is  1,  so  that  p—  1  —  abc.l,  each  factor 
=  —  1  (mod  p)  and  the  sum  of  the  primitive  roots  =  (—  ly  (mod  p), 
where  /j,  is  the  number  of  different  prime  factors  of  (p  —  1). 

This  theorem  may  be  proved  in  a  different  manner  as  follows. 
Let  glt  g2...  be  the  different  primitive  roots  of  p.  For  convenience 
write  p  —  l=q,  and  let  a,  b,  c...  be  the  different  primes  which 
divide  q.  Then  the  same  argument  by  which  <£(m)  was 
determined  (Art.  7)  shews  that  the  primitive  roots  of  p  are 
the  roots  of  the  congruence 

(^-i)n(^-i).n(^/^-i)...  = 
n  {xi'a- 1).  n  (aft/**- 1)  n         1)...  -  "  ^11UU^' 

where  II  (cc^a  - 1 )  =  (aflla  -  1)  (sfil*  -  1). . . 

and  similarly  for  the  rest.  The  expression  on  the  left-hand  side 
of  the  congruence  is  a  rational  integral  function  of  x  of  the  degree 
<f>  (q).  This  may  be  proved  with  the  help  of  de  Moivre's  theorem  : 
for  any  linear  factor  of  the  denominator  is  of  the  form  x  —  e*"^, 
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where  8  is  a  number  less  than  q  and  not  prime  to  it :  and  it 
follows,  just  as  in  Art.  7,  that  this  factor  occurs  precisely  as 
often  in  the  numerator  as  in  the  denominator. 

Now  suppose  that  q  has  no  square  divisor,  so  that  q  =  abed... : 
then  it  has  to  be  shewn  that  the  aforesaid  polynomial  is  of  the 
form  —  (— l)f*aj*(5)-i  +  ...  where  ft  is  the  number  of  different 
primes  a,  b,  c...  This  is  easily  proved  by  induction.  Namely 
beginning  with  fi  =  1,  we  have 

of1-  1 

  =  xa~l  +  cc?-2  +  ...  : 

x-  1 

next  when  fi  =  2 

(xab-l)(x-  1)  =  (xb)a  -  1 
(xa-l)(xb-l)~  xb-l  '  x-1 

=  (xab~b  +  x^-*  +...):  {xa~x  +  x"-2  +  . . . ) 

=  a^>(ab)  _rQ<t>(ab)—i  _|_ 

This  is  seen  by  performing  the  first  two  steps  of  the  actual 
division  and  observing  that  since  b  >  1 

ab  -  2b  <  ab  -  b  -  1. 

When  fi  =  3,  the  function  is 

(xabc  -  1)  (a?  -  1)  (a*  -  1)       _  !) 

(a*  -  1)  (of*  -  1)  (or0*  -  1)  (a?  -  1) 

{(^-1}  {xc-\)  t(af*-l)(x-l) 
l(xc)b  -  1)  {(xc)a  -  l}'\xa  -l)(xb-l)' 

and  by  the  preceding  case  this  is 

(tf4>(ab)  _  xc^>(ab)-c  4. , :  (#<*>(«&)  _  #0(a6)-i  -|-  , , .)  =  rftxabc)  _j_  ^(aftc)-i  _j_  ^ 

the  argument  being  as  before.    It  is  clear  that  the  reasoning  is 
quite  general,  so  that  in  all  cases  the  polynomial  is 
aft>(q)  +  (_  i)f*-i  #*(2)-i  +  ... 

Since  this  is  identically  congruent  to  II  (x  —  gi),  the  coefficients 
of  a;**?)-1  in  the  two  expressions  are  congruent:  that  is 

=  (-  IX  (mod  p). 

If  g  involves  a  square  factor,  we  shall  have  q  =  m  .abc 
and  everything  is  as  before  except  that  the  polynomial  is  of  the  form 

au* (?)  +  (_  iy-i  .x*((n-m  + 
where  the  term  in  x^^]~l  is  absent :  so  that  in  this  case 
Xgi  =  0  (mod  p). 
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It  may  be  observed  also  that 

lf=  V  =  ...  =  Zg™-1  =  0  (mod p), 
lgm  =  (-iy.m  (mod  p). 
For  example,  the  primitive  roots  of  61  are  2,  6,  7,  10,  17,  18, 
26,  30,  81,  35,  43,  44,  51,  54,  55,  59.    Here  q  =  60  =  2a .  3  .  5,  so 
that  jm  =  3,  m  =  2,  and  we  ought  to  have  1g  =  0,  Xg2  =  —  2  (mod  61); 
this  may  be  easily  verified. 

25.  It  has  been  proved  that  if  a  is  any  number  prime  to  the 
composite  modulus  m,  a*(m)  =  1  (mod  m).  If  <f>  (m)  is  the  exponent 
to  which  a  appertains  (mod  m),  a  is  said  to  be  a  primitive  root 
of  m.  It  is  only  in  a  comparatively  small  number  of  cases  that 
such  primitive  roots  exist.  For  suppose  m  =  pKq,ify...  where 
p,  q,  r...  are  different  primes.  Any  number,  a,  which  is  prime  to 
m  is  also  prime  to  pK,  q*,  rv...\  let  ft  g,  h  ...  be  the  exponents  to 
which  a  appertains  with  respect  to  the  moduli  pK,  g*,  r*f  etc.: 
so  that 

a/  =  1  (mod  px),  a?  =  1  (mod  q*),  etc. 
Then  if  t  is  the  least  common  multiple  oif,gyh... 
a%  =  1  (mod  m). 

Now  the  greatest  possible  values  of  /,  g,  h  . . .  are  <f>  (px),  <f>  (q*), 
<f>  (rv) hence  t  is  not  greater  than  the  L.C.M.  of  cj>  (p*),  <f>  (q^), 
etc.,  and  if  it  is  less  than  this  L.C.M.  it  must  be  a  divisor  thereof 
(since /is  a  factor  of  $  (pK),  etc.  by  Art.  18).  Again 

<W)  =  (2>-i)i>'-', 

which  is  an  even  number,  except  when  p  =  2  and  \  =  1.  Hence, 
generally  speaking,  the  L.C.M.  of  <\>  (pK),  cf>  (q»),  etc.  will  be  less  than 
(Pk)  •  <t>  i-e-  less  tnan  <Mm)>  and  a  fortiori  t  will  be  less 

than  <f>(m),  so  that  a  cannot  be  a  primitive  root.  The  only 
exceptions  are  when  m  is  a  power  of  a  prime,  or  twice  a  power  of 
an  uneven  prime. 

Further  the  case  of  m  =  2*  has  to  be  rejected  if  \  >  2.  For 
any  odd  number  can  be  expressed  in  the  form 

a  =  1  +  2k, 

whence  aa  =  1  +  4  (k2  +     =  1  +  4>k  (k  +  1) 

=  1  (mod  8), 

and  therefore,  successively 

a4  =  1  (mod  16), 
a8  =  1  (mod  32), 
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and  generally 

a2*"2  -  1  (mod  2*). 
Now  2A"2  <  2^  <  (j>  (2A), 

so  that  2X  has  no  primitive  roots  if  \  >  2. 

26.  The  only  cases  which  have  to  be  considered  are  therefore 
when  m  =  pK  or  2pA  where  p  is  an  odd  prime,  and  the  exceptional 
case  of  m  —  4. 

The  last  case  is  easily  disposed  of :  it  is  evident  that  there  is 
one  primitive  root,  viz.  3. 

Next  let  m  =  p\  Suppose  a  is  any  number  prime  to  m  and 
therefore  to  p,  and  let  /  be  the  exponent  to  which  a  appertains 
(mod  p).  Then 

a/  =  1  +  kp. 
Hence        afi  =  (\+kpY 

=  l+kp.p  +  !<?p\p{p~1)+... 
=  1  (mod  p% 

and  similarly, 

afp*  =  (afpy  =  1  (mod  p% 

a/P^1  =  i  (mod  pi). 

If,  then,  a  is  to  be  a  primitive  root  of  pK  we  must  have  fpK~l  a 
multiple  of  <f>  (pA),  i.e.  of  (p  —  hence  /  is  a  multiple  of  (p— 1). 

But  /is  also  a  divisor  of  (p  —  1)  by  Art.  18 :  hence 

/-p-i. 

that  is,  a  is  a  primitive  root  of  p. 

Suppose,  then,  we  put  a  =  g,  a  primitive  root  of  p ;  then 
gP~l  =  1  +  kp\ 

pi  being  the  highest  power  of  p  which  divides  gp~l  —  1,  so  that  k  is 
prime  to  p.    Raising  each  side  to  the  power  p  we  infer  that 

g  CP-dp  =  I  +  kpi .  p  +  P^"1)  (kp1)2  +  . . . 
=  1  +  kpi+1  +  higher  powers  of  p 
=  1+  kpi+1  (mod  pi+2), 

and  similarly 

g(p-l)P*  =  1  +  (mo(J 


gip-*)ph  =  1  +  (mod 
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Putting  h  =  \  —  i,  we  have 

^i)P*-*'=l  (mod^), 

so  that  g  is  a  primitive  root  of  pK  if,  and  only  if  %  =  1 ;  that  is,  if 
(gp-\  _  i^/p  jg  prime  to  £>. 

27.  It  remains  to  find  the  number  of  distinct  primitive  roots 
of  pK:  i.e.  the  number  of  such  roots  which  are  positive  and  less 
than  p\    Any  primitive  root  of  this  kind  may  be  written 

g  =  a  +  kp, 

where  a  is  a  primitive  root  of  p  which  is  positive  and  less  than  p. 
Hence 

gP-l  _  1  =  (aP"l  _  1)  +         (p  _  1)  ap-2  (mod  ^,2) 

=  (aP-1  -  1)  -  A^a^2  (mod  p2). 
There  are  two  cases  to  consider : 

I.  Suppose  a?-1  -1  =  0  (mod  p2) :  then 

gP-i  _  i  =  _  IcpaP-*  (mod  p% 
;.  (gP-1  -l)/p=- kaP~2  (mod  p\ 
and  this  will  be  prime  to  p  if  k  is  so. 

Now  since  g  <pK,  k<  pK_1 :  thus  we  obtain  <f>  (pA_1)  suitable 
values  for  g  by  assigning  to  k  the  (f>  (p^1)  values  which  are  less 
than  pK~x  and  prime  to  it. 

II.  Suppose  ap~x  —  1  is  not  divisible  by  p2 :  then  we  may  put 

ap-i  -\  =  hp  (mod  p2\ 
where  h  is  positive,  less  than  p  and  prime  to  p.    This  gives 
gP-i  -i  =  hp-  kpaP~2  (mod  p2), 

qP-1  _  1 

or  p —  =      kaP~2  (mod p). 

Multiplying  by  a,  which  is  prime  to  p,  and  observing  that 
aP-1  =  1  (mod  p), 

- — - —  .  a  =  ha  —  k  (mod 

The  necessary  condition  will  be  satisfied  if  ha  —  k  is  prime  to 
p :  that  is,  if  k  =  ha  + 1,  where  I  is  prime  to  p. 

As  in  the  other  case  we  thus  obtain  </>Q?A_1)  suitable  values 
for  g. 

Since  there  are  <\>{p~  1)  primitive  roots  of  p  which  are  less 
than  p}  the  number  of  distinct  primitive  roots  of  pK  is 

<t>  (P  - 1) .  <\>  (P^)  =  <\>{{p- \)vk~1}  =  <M</>  (v% 
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28.  Now  let  the  modulus  m  =  2pK,  where  p  is  an  odd  prime. 
Every  odd  number  appertains  to  the.  same  exponent  (mod  2pK) 

as  it  does  (mod  pK).  For  let  /  be  the  exponent  to  which  the  odd 
number  a  appertains  (mod  pk) :  then  af  =  1  (mod  pk).  Also  since 
a  is  odd,  a*  =  1  (mod  2) :  hence,  2  being  prime  to  pK,  a^=l 
(mod  2px).  Conversely,  if  a/  =  1  (mod  2px),  c^'  =  1  (mod  : 
therefore  a  appertains  to  the  same  exponent  in  both  cases. 

Moreover  </>  (2px)  =  <f>  (2)  <j>  (px)  =  </>  (£>x)  :  so  that  any  odd  pri- 
mitive root  of  px  is  also  a  primitive  root  of  2p\  If  g  is  an  even 
primitive  root  of  p\  g  +  px  is  odd  and  therefore  a  primitive  root  of 
2p\    We  thus  obtain  just  as  many  primitive  roots  of  2px  as  of  px. 

29.  The  modulus  2\  where  \  >  2,  requires  separate  considera- 
tion. Any  odd  number  of  the  series  1,  3,  5  ...  2K  —  I,  may  be  ex- 
pressed in  the  form 

a  =  2nk±  I, 
where  k  is  odd,  and  n  is  at  least  equal  to  2. 
Hence  a2  =  2mk2  ±  2n+1k  +  1 

=  2n+%  + 1, 
where  &x  is  odd  :  and  similarly 

a*  =  2n+%  +  l 

a?t  =  2n+%  +  l, 
where  k2,  k3 ...  kt  are  all  odd. 

The  only  number  which  appertains  to  the  exponent  1  is  1. 
If  a2  =  1  (mod  2X),  it  follows  from  the  preceding  expression  for 
a2  that  n  + 1  ^  X,  that  is,  n  ^  X  —  1 ;  and  it  is  easily  seen  that 
there  are  three  admissible  values  of  a,  namely 
2X-1,  2*~1  +  1,  2X"1-1. 
Next  suppose  a  appertains  to  the  exponent  2*  where  t  >  1 : 
then  n  +  £  =  X,  or  n  ^X  —  t    Moreover  if  n  were  greater  than 
X  —  t,  say  n  =  X  —  t  +  u,  we  should  have 

•      a2t"w=  2"+*-* .       +  1  =  2xkt_u  +  1 
=  1  (mod  2*), 

i.e.  a  would  not  appertain  to  the  exponent  2K  Hence  n  =  X  —  t, 
and  therefore  the  numbers  appertaining  to  the  exponent  2l  are 

2*"«±1,    3.2^  +  1,  5.2X-*±1,... 

(2*  - 1) .  2x~l  ±  1  (2*  numbers  in  all). 
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In  particular,  if  \  >  3,  the  numbers  appertaining  to  the  ex- 
ponent 2X~2  (the  highest  possible,  since  n  >  1)  are 

4  +  1,    3.4  +  1,    5.4  +  l,...(2*-a-l)4+  1. 
These  may  be  written 

4±1,    8  +  (4±l),    2.8  +  (4±l),... 
from  which  it  is  evident  that  the  series  comprises  all  the  numbers 
less  than  2A  which  are  of  the  form  Sn  +-  3  or  8n  +  5. 


AUTHORITIES. 

This  chapter  is  substantially  a  paraphrase  of  the  first  three  sections  of  the 
Disquisitiones  Arithmeticce.  The  invention  of  the  symbol  =  by  Gauss  affords 
a  striking  example  of  the  advantages  which  may  be  derived  from  an  appro- 
priate notation,  and  marks  an  epoch  in  the  development  of  the  science  of 
arithmetic.  References  to  the  work  of  Gauss's  predecessors  are  given  by 
himself  (D.  A..  Arts.  28,  38,  44,  50,  ,56,  76,  93),  and  also  by  H.  J.  S.  Smith  in 
Arts.  1—14  of  his  Report  on  the  Theory  of  Numbers  (Report  of  British  Asa. 
1859).  The  most  important  of  these,  arranged  according  to  the  subjects 
treated,  are  the  following  : 

Continued  Fractions  and  Linear  Congruences.  Euler  :  Solutio  pro- 
blematis  arithmetici...  (Comment.  Petropol.  vii.  p.  46  (1740),  or  Commentationes 
Arithmetics  i.  p.  11).  Lagrange  :  Sur  la  Solution  des  Problemes  Inde'ter- 
min4s  du  second  degre"  (Histoire  de  l'Acad.  de  Berlin  1767,  p.  165),  and  in 
the  additions  to  the  French  translation  of  Eider's  Algebra.  See  also  Smith, 
H.  J.  S. :  On  Systems  of  Linear  Indeterminate  Equations  and  Congruences 
(Phil.  Trans,  cli.  (1861)  p.  293). 

The  Function  <fi(n).  Euler:  Theoremata  arithmetica  nova  methodo 
demonstrata  (Comment.  Nov.  Petrop.  viii.  74  (1760),  or  Comm.  Arith.  i.  274). 

Sylvester  writes  r(n)  for  <f>(n),  and  calls  it  the  totient  of  n.  See  two 
papers  by  him,  Phil.  Mag.,  April  1882,  p.  251,  and  Sept.  1883,  p.  230, 
containing  tables  of  <f>(n)  and  2<f>(n)  up  to  w=1000. 

Residues  of  Powers.  Euler  :  Theoremata  circa  residua  ex  divisione 
potestatum  relicta  (Novi  Comm.  Petr.  vii.  (1758)  p.  49) ;  Demonstrations  circa 
residua  ex  divisione  potestatum  per  numeros  primos  resultantia  (ibid,  xviii. 
(1773)  p.  85);  Disquisitio  accuratior  circa  residua  ex  divisione  quadratorum 
altiorumque  potestatum  per  numeros  primos  relicta  (Opuscula  analytica  i.  (1772) 
p.  121).  These  three  memoirs  may  also  be  found  in  the  Comm.  Arith.  i. 
pp.  260,  516,  487  respectively.  It  should  be  observed  that  Gauss  first  proved 
the  existence  of  primitive  roots  for  every  prime  modulus. 

Theorems  of  Format  and  Wilson.  Fermat's  own  statement  of  his 
theorem  is  contained  in  his  mathematical  correspondence  (see  Varia  Opera 
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Mathematica  D.  Petri  de  Fermat  (1679)  p.  163).  As  usual,  he  gives  no  proof ; 
the  first  published  demonstration  is  that  of  Euler :  Theorematum  quorundam 
ad  numeros  primos  spectantium  demonstratio  (Comm.  Petr.  viii.  (1736)  p.  141, 
or  Comm.  Arith.  i.  21).  This  practically  amounts  to  showing  that  if  p  is 
prime,  the  expression  (a+l)p-aP-l,  is  identically  divisible  by  py  so  that 
(a  +  l)p-  («  +  l)  =  ap-a  (mod  p),  identically:  the  theorem  then  follows  by 
induction.  A  second  proof,  identical  with  that  of  Art.  18,  will  be  found  in  the 
Novi  Comm.  Petr.  vii.  49  (see  title  above).  The  proof  adopted  in  Art.  16  is 
after  Dirichlet :  Demonstrations  nouvelles  de  quelques  thforkmes  relatifs  aux 
nombres  (Crelle  iii.  (1828)  p.  390).  Sir  John  Wilson's  theorem  is  stated  by 
Waring,  with  a  reference  to  its  author,  in  his  Meditationes  Algebraical  (1770) ; 
the  first  published  proof  is  by  Lagrange  (Nouveaux  Memoires  de  l'Acad.  de 
Berlin,  1771,  p.  125). 

The  important  theorem  of  Art.  1 1  is  due  to  Lagrange  :  Nouvelle  M&hode 
pour  r&oudre  les  ProbUmes  IndAtermines  en  Nombres  entiers  (Hist,  de  l'Acad.  de 
Berlin,  1768,  p.  192). 

Arithmetical  Tables.1  The  factor-tables  of  Burckhardt  and  Dase  have 
been  completed  and  extended  by  J.  W.  L.  Glaisher  as  far  as  the  9th  million. 
The  Canon  Arithmeticus,  edited  by  Jacobi,  gives  a  primitive  root,  and  a  table 
of  numbers  and  indices,  for  all  primes  less  than  1000.  Gauss's  Tafel  zur 
Verwandlung  gemeiner  Bruche  in  Decimalbruche  (Werke  ii.  412)  may  be  used, 
among  other  applications,  to  supply  the  place  of  the  Canon  Arithmeticus,  at 
least  as  far  as  ^=463.  (Cf.  D\  A.  Arts.  312—318.)  Another  table,  of  less 
extent,  but  very  compact,  is  given  by  Bellavitis :  Sulla  risoluzione  delle 
congruenze  numeriche...  (Reale  Acc.  dei  Lincei,  3rd  series,  t.  i.  (1877)).  Crelle 
published  in  his  Journal  (xlii.  (1851)  p.  299)  a  table  of  the  least  positive  values 
of  and  x2  which  satisfy  a^so^+l  f°r  values  of  al  up  to  120  and  all 
values  of  a2  less  than  ax  and  prime  to  it. 

1  The  account  of  factor-tables  requires  amendment.  Burckhardt's  tables- 
extend  from  1  to  3,036,000;  those  of  Dase,  continued  by  Rosenberg,  comprise 
the  seventh,  eighth,  and  ninth  millions ;  and  the  tables  for  the  fourth,  fifth,  and 
sixth  millions  have  been  published  by  J.  Glaisher. 
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Quadratic  Congruences. 

30.  If  the  congruence  a?  =  a  (mod  m)  is  possible,  a  is  said  to 
be  a  quadratic  residue  of  m,  or  simply  a  residue  of  m,  and  this 
may  be  indicated  by  writing  aRm :  if  otherwise,  a  is  said  to  be  a 
non-residue  of  m,  and  this  is  expressed  by  aNm. 

It  is  convenient  to  begin  by  supposing  that  the  modulus  is  an 
odd  prime,  p  say. 

If  we  form  the  squares  of  1,  2,  3  ...  J  (p  —  1),  the  resulting 
numbers  are  all  incongruent  (mod  p).  For  if  two  of  them  were 
congruent,  say  r^s2,  this  would  give  (r  +  s)(r  —  s)  =  0,  that  is, 
r  +  s  =  0,  or  r  —  s  =  0,  both  of  which  are  impossible,  since  r  and  8 
are  different  and  each  less  than  \p. 

Again  since  (p  —  &)2  =  k*  (mod  p),  it  follows  that  the  squares  of 
^~1T~  >  •  •  •  (p  -~  1)  are  congruent  to  the  other  series  of  squares 
in  the  reverse  order.    Hence  the  series  1,  2,  3  ...  (p  —  1)  comprises 

2)  —  1 

*— 5 —  residues  of  p,  and  the  same  number  of  non-residues. 
2 

For  example  if  p  =  11, 

12  =  102  =  1,  22  =  92  =  4,  32  =  89  =  9,  42  =  7a=5,  5a  =  62  =  3, 
so  that  1,  3,  4,  5,  9  are  residues  of  11,  and  2,  6,  7,  8,  10  are  non- 
residues. 

If  aRp,  so  that  a  =  a?  (mod  p\ 
p-i 

a  2  =  ocP~l  =  1  (mod  p). 
Thus  the  quadratic  residues  of  p  are  the  roots  of  the  con- 
gruence 

p-i 

x  2  -1  =  0  (mod  p). 
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Every  number  prime  to  p  satisfies  the  congruence 
xp-1  -1  =  0, 

that  is  O  2  2  +  1)  =  0, 

hence  the  non-residues  of  p  are  the  roots  of  the  congruence 

x  2  +1  =  0. 

This  affords  a  method  of  determining  whether  a  given  number 
a  is  a  residue  or  non-residue  of  p,  namely  by  calculating  the  least 
p-i 

residue  of  a  2  :  but  this  becomes  impracticable  when  p  is  large. 

As  an  illustration  55  =  5  .  252  =  5  .  32  =  45  =  1  (mod  11),  so  that  5 
is  a  residue  of  11. 

The  symbol  or  (a\p)  is  used  to  denote  +1  or  —1  ac- 
cording as  a  is,  or  is  not  a  quadratic  residue  of  p.    It  is  the 

p-i 

absolutely  least  residue  (mod  p)  of  a  2  . 

31.  The  product  of  two  residues  or  of  two  non-residues  is  a 
residue :  that  of  a  residue  and  a  non-residue  is  a  non-residue. 

I.  Let  a,  a'  be  two  residues :  then  two  integers  a,  a!  can  be 
found  such  that  a  =  a2,  a'  =  a/2,  whence  aa'  =  (aa')2>  that  is,  ad  is  a 
residue. 

II.  If  a  is  a  residue,  the  numbers  a,  2a,  3a  ...  (p  —  1)  a  are  all 
incongruent,  and  their  least  residues  (mod  p)  include  all  the 
quadratic  residues  of  p  and  all  the  non-residues;  but  each 
product  of  a  by  a  residue  is  a  residue  by  I. :  hence  each  product 
of  a  by  a  non-residue  is  a  non-residue. 

III.  Let  b  be  a  non-residue:  then  as  before  the  series 
b,  2b,  3b,  ...(p  —  1)6  is  a  complete  system  of  residues  (mod  p): 
each  .product  of  b  by  a  residue  is  a  non-residue  by  II. :  hence  each 
product  of  b  by  a  non-residue  is  a  residue. 

The  same  thing  may  be  proved  as  follows:  we  have 

a^  s  (a\p),  b^  =  (b \p),  (ab \p)  =  {abf^  =  <t^  b^  =  (a\p)  (b  \p). 
Hence  (ab\p)  =  + 1  if  (a\p)  and  (b\p)  agree  in  sign,  that  is  if  a,  b 
are  both  residues  or  both  non-residues :  while  if  one  is  a  residue 
and  the  other  not,  (ab\p)  =  —  1,  that  is,  ab  is  a  non-residue. 
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It  is  clear  that  (abc\p)  =  (ab\p) (c\p) 

=  (a\p)(b\p)(o\p), 
and  so  on  for  any  number  of  factors. 

32.  Taking  any  primitive  root  of  p  for  a  base,  the  indices  of 
the  quadratic  residues  are  even,  and  those  of  the  non-residues  are 
odd. 

p-i  f(p-D 

For  let  ind^  a=f:  then  a  =  g}  (mod  p)  and  a  2  =  g    2    :  if 

p-i   

then  a  2  =  1  (mod  p),  \f  (p  —  1)  =  0  (mod  p  —  1),  that  is  \f  is  an 

y-i 

integer:  conversely,  if  f  is  even  and  =2/',  a  2  =  gf'(P~l)  =  1 
(mod  p). 

This  gives  another  simple  proof  of  the  theorem  of  last  article  : 
for  ind  (ab)  =  ind  a  +  ind  b,  and  this  is  even  if  ind  a  and  ind  b  are 
both  even  or  both  odd. 

33.  Consider  the  congruence 

x2  =  a  (mod  pk), 

where  p  is  an  odd  prime,  and  a  is  prime  to  p.  Then  if  this  is 
possible,  so  also  is 

x2  =  a  (mod  p). 
Let  x  =  a  be  a  solution  of  this  last  congruence,  so  that 
a?  —  a  =  hp. 

Put  x=  a  +  yp  : 

then  #2  —  a  =  a2  —  a  +  Zayp  +  y2p2 

=  (h+2ay)p  +  yy. 
Now  determine  y  so  that  h  +  2ay  =  0  (mod  p) :  then  x2  —  a  =  0 
(mod  p2) :  that  is,  a  solution  of  x2=  a  (mod  p2)  can  be  deduced 
from  that  of  x2  =  a  (mod 

More  generally,  from  a  solution  of  x2  =  a  (mod  p*)  we  can 
deduce  a  solution  of  #2  =  a  (mod  £>*+1).  For  suppose  x  =  a  is  a 
solution  of  x2  =  a  (mod  j/),  so  that  a2  —  a  =  /*£>\  Write  #  =  o  +  2/pA: 
then  #2  -  a  =  (h  +  2ay)  px  +  y2p2X  =  (h  +  2ay)  pk  (mod  pA+1) :  and 
hence  if  2ay  +  h  =  0  (mod  p),  a?  =  a  +  is  a  solution  of  x2  =  a 
(mod  pK+1). 

Thus  from  any  solution  of  x2  =  a  (mod  p)  can  be  deduced  a 
solution  of  x2  =  a  (mod  pK).  Moreover  if  x2  =  a  (mod  jp)  is  possible, 
there  are  two  distinct  solutions  of  the  form  x  =  a  and  x  =  —  a 
(modp) :  so  that  there  will  be  just  two  solutions  of  a?  =  a  (modpA). 
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For  example,  to  solve  x2  =  2  (mod  343).  Here  2  =  9  (mod  7) : 
so  that  the  roots  of  x2  =  2  (mod  7)  are  x  =  +  3  (mod  7). 

Write  a?  =  3  +  7y ; 

then  ^-2  =  7(1  +  6?/)  +  49i/2. 

The  congruence  1  +  6y  =  0  (mod  7)  gives  2/  =  1  (mod  7)  :  so 
that  x  =  10  is  a  solution  of  #2  =  2  (mod  49).  Finally,  putting 
x  =  10  +  4%,  #2  -  2  =  49  (2  +  20y)  +  492?/2 ;  2  +  20y  =  0  (mod  7) 
gives  y  =  2  (mod  7),  and  hence  #  =  10  +  2.  49  =  108  is  a  solution 
of  the  given  congruence,  the  complete  solution  being 

x  =  ±  108  (mod  343). 

34.  The  case  next  to  be  considered  is  when  the  modulus  is  a 
power  of  2. 

The  square  of  any  odd  number  2n  +  1  is 

4n2  +  4m  + 1  =  4w  (n  +  1)  + 1  =  1  (mod  8) 

since  either  n  or  n  +  1  is  even. 

Hence  in  the  first  place  the  congruence  x2  =  a  (mod  4)  is 
possible  if,  and  only  if  a  =  1  (mod  4) :  and  if  this  condition  is 
satisfied,  there  are  two  distinct  solutions,  given  by  x  =  +  1  (mod  4). 

Similarly  the  congruence  x2  =  a  (mod  8)  is  possible  only  if 
a  =  1  (mod  8) :  and  in  this  case  there  are  four  distinct  solutions 
given  by  x=  1,  3,  5,  7  (mod  8). 

Next  consider  the  congruence  x2=  a  (mod  2X)  where  X  >  3. 
This  involves  x2  =  a  (mod  8) :  and  hence  a  =  1  (mod  8) :  conversely 
if  this  condition  is  satisfied,  it  may  be  shewn  by  an  inductive 
process  similar  to  that  of  last  article  that  the  proposed  congruence 
has  always  four  distinct  roots. 

Namely,  suppose  a  is  a  root  of  x2= a  (mod  2K)  so  that  a2  —  a  =  2Kh : 
then  putting  x  =  a  +  2A_1 .  y  we  get 

x2  -  a  =  2A  (h  +  ay)  +  22X~2y2 

where  since  X  >  3,  2\  —  2  >  X  +  1  :  so  that  x  will  be  a  root  of 
x2  —  a  =  0  (mod  2A+1)  if  h  +  ay  =  0  (mod  2) :  this  always  gives  a 
suitable  value  of  y,  since  a  is  odd. 

If  x  =  f  is  any  one  of  the  roots,  it  is  easily  seen  that  the  four 
distinct  solutions  are  given  by 

x=  +  l  #=+(?+  2*"1)  (mod  2X). 
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35.  We  are  now  able  to  discuss  the  congruence  a?  =  a  (mod  m) 
where  m  is  any  modulus  whatever,  and  a  any  number  prime  to  it. 

Let  ra=  2*px<f  r"... 

where p,  q,r...  denote  different  odd  primes. 

Then  if  the  proposed  congruence  is  possible,  so  also  must  be 
the  following : 

x2  =  a  (mod  2*),  x2  =  a  (mod  pK),  x2  =  a  (mod  q*) 

etc.  Conversely  if  these  are  possible  so  is  the  given  congruence. 
For  suppose  f ,  tj,  J. . .  etc.  to  be  any  values  of  x  which  satisfy  the 
congruences 

cc'2  =  a  (mod  2"),  a?  =  a  (mod  pk),  a?  =  a  (mod 
respectively.   Then  since  2",  pK,  q*...  are  relative  primes,  a  number 
can  be  found  so  as  to  satisfy  simultaneously  the  congruences 

x  =  f  (mod  2*),  #  =  97  (mod       a?  =  £  (mod  gM) . . .  etc. 

and  all  such  numbers  are  congruent  (mod  m)  (see  Art.  13).  Each 
set  of  solutions  of  the  auxiliary  congruences  furnishes  therefore 
one  distinct  solution  of  the  proposed  congruence. 

Now  the  conditions  to  be  satisfied  in  order  that  the  auxiliary 
congruences  may  be  possible  were  determined  in  Arts.  33,  34.  If 
p  is  any  odd  prime  factor  of  m,  a  must  be  a  quadratic  residue  of  p : 
and  if  this  is  so,  the  congruence  x*=  a  (mod  pK)  has  two  distinct 
roots.  If  k  =  0  or  1,  there  is  no  further  condition:  the  congruence 
a?=a  (mod  2)  has  one  root  x  =  1  (mod  2) :  if  k  =  2  it  is  necessary 
that  a  =  1  (mod  4),  and  then  a?  =  a  (mod  4)  has  two  roots  ;  and  if 
k  >  3  we  must  have  a  =  1  (mod  8),  and  then  x2  =  a  (mod  2")  has 
four  incongruent  roots. 

If  then  t  denote  the  number  of  different  odd  primes  which 
divide  m,  the  number  of  distinct  solutions  of  the  given  congruence, 
when  it  is  soluble,  is 

2*,  2t+\  2*+2 
according  as  k  <  2,  k  =  2,  k  >  2  respectively. 

36.  In  order  to  complete  the  theory  of  quadratic  congruences, 
two  problems  have  still  to  be  solved.  They  are,  first,  to  determine 
practically  whether  the  congruence  x2  =  a  (mod  p)  is  possible,  p 
being  an  odd  prime,  or,  in  other  words,  to  find  the  value  of  (a  \p) : 
and  secondly  to  find  the  roots  of  the  congruence  when  it  has  been 
shewn  to  be  possible. 


VALUES  OF  (  —  l\p),  (2\p). 
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It  follows  from  Art.  31  that  the  determination  of  (a\p)  may 
be  made  to  depend  upon  that  of  the  symbols  (—  l\p),  (%\p),  and 
(q\p),  where  q  is  a  positive  odd  prime.  These  three  cases  will 
now  be  considered  in*  order. 

p-i 

37.  By  Art.  30,  (- =  (- 1)  2  :  this  is  +  1  if  }  (p-l)  is 
even.  Putting  \  (p  -  1)  =  2n,  this  gives  p  =  4>n  + 1.  On  the  other 
hand  if  p  is  of  the  form  4>n  +  3,  J  (p  -  1)  =  2n  +  1,  and 

(-l|p)  =  (-l)2^  =  -l. 
Hence  —  1  is  a  quadratic  residue  or  non-residue  of  p  according 
as  p  is  of  the  form  4n  +  1  or  4>n  +  3. 

38.  It  is  found  by  trial  that  2  is  a  quadratic  residue  of  7,  17, 
23,  31,  41,  47  and  a  non-residue  of  3,  5,  11,  13,  19,  29,  37,  43. 
The  first  set  are  all  of  the  form  Sn  ±  1,  and  the  second  set  are  all 
of  the  form  Sn  ±  3.  It  may  be  shewn  that  this  law  is  general : 
namely  that  2  is  a  residue  of  all  primes  of  the  form  Sn  ±  1  and  a 
non-residue  of  all  primes  of  the  form  Sn  ±  3. 

We  begin  with  the  latter  part  of  the  proposition,  viz.  that  2  is 
a  non-residue  of  all  primes  of  the  form  Sn  ±  3.  If  this  is  not  true, 
let  p  be  the  least  prime  of  this  form  for  which  the  congruence 
x2  =  2  (mod  p)  is  possible.  Suppose  x  =  e  is  a  solution  of  the 
congruence :  then  we  may  take  e  to  be  positive,  less  than  p,  and 
odd :  for  if  the  congruence  is  possible  there  are  two  suitable  values 
of  x  which  are  positive  and  less  than  p,  and  their  sum  =p  which 
is  odd,  so  that  one  of  the  values  of  x  must  be  odd.  Hence  e2  =  1 
(mod  8),  and  e2  =  2  +  pf  where  /  is  positive  and  less  than  p.  Now 
pf=e2-  2=-l  (mod  8):  and  since  p  =  ±S  (mod  8),  /=  +  3 
(mod  8).  Consequently  /  must  have  at  least  one  prime  divisor  q 
of  the  form  Sn  ±  3  :  for  if  all  the  factors  were  of  the  form  Sn  ±  1 , 
their  product  would  also  be  of  this  form.  Since  f  <p  it  follows 
that  q  <p:  and  evidently  e2  =  2  (mod /)  =  2  (mod  q),  so  that  p  is 
not  the  smallest  prime  of  the  form  Sn  ±  3  of  which  2  is  a  residue. 
This  contradicts  the  hypothesis,  and  the  second  part  of  the  pro- 
position is  therefore  proved. 

Next  let  p  be  of  the  form  Sn  +  7 ;  then  by  Art.  37,  —  1  is  a 
non-residue  of  p:  hence  to  shew  that  2Rp,  it  is  enough  to  prove 
that  —  2Np.  Now  it  can  be  shewn  that  —  2  is  a  non-residue  of 
all  primes  of  the  form  Sn  +  5  or  Sn  +  7.  For  this  is  true  when 
p  =  5  or  7,  as  we  see  by  trial :  and  supposing  p  the  least  prime  of 
either  of  these  forms  for  which  x2  +  2  =  0  (mod  p)  is  soluble,  we 


38 


LAW  OF  RECIPROCITY. 


may  put  as  before  x  =  e,  and  e2  +  2  =  pf,  where  e  is  positive,  less 
than  p,  and  odd.  Hence  pf=  3  (mod  8),  and  therefore  f=  7  or  5 
(mod  8)  according  as  p  =  5  or  7  (mod  8).  As  in  the  other  case 
we  conclude  that  f  must  have  at  least,  one  prime  divisor  q  which 
is  less  than  p  and  of  the  form  Sn  +  5  or  Sn  +  7 :  this  gives 
e2  +  2  =  0  (mod  which  contradicts  the  hypothesis :  and  there- 
fore —  2  is  a  non-residue  of  all  primes  of  the  form  871  +  5  or 
Sn  +  7,  as  stated. 

Finally  suppose  p  —  8/1  +  1  :  then  the  preceding  method  is 
inapplicable.    In  this  case,  however,  if  g  is  a  primitive  root  of  p, 

<T  =  -1, 

whence  (g2n  ±  l)2  =  ±  2gm ; 

and  since  gm  =  1, 

this  gives  ±2  =  (gn  ±  g7n)2. 

This  shews  not  only  that  +  2Rp,  but  also  how  the  roots  of 
x2  =  ±  2  may  be  found. 

The  different  cases  discussed  in  this  article  are  all  included  in 
the  formula 

(2|p)=(-l)V. 

Legendres  Law  of  Reciprocity. 

39.  The  practical  determination  of  (q \p),  where  q,p  are  positive 
odd  primes,  is  effected  by  the  help  of  a  very  important  theorem, 
which  is  known  as  Legendre's  Law  of  Reciprocity. 

The  theorem  is  that  (q\p)  =  (p\  q),  except  when  p  and  q  are 
both  of  the  form  4n  +  3,  in  which  case  (q\p)  =  —  (p  \  q).  Both  these 
results  are  included  in  the  formula 

(q\p)(p\q)  =  (-i)iip-1)iq-1). 

The  first  rigorous  proof  of  this  proposition  was  given  by  Gauss, 
who  succeeded  in  discovering  eight  different  demonstrations  of  it. 

The  following  is  essentially  Gauss's  third  proof,  as  modified  by 
Dirichlet1. 

For  convenience  write  p  =  2p'  +  1,  q  =  2q+l.  Consider  the 
series  of  numbers 

q,  2q,  Sq,...p'q: 

1  Gauss:  Theorematis  arithmetici  demonstratio  nova  (Comm.  Gott.  vol.  15, 
1808,  or  Werke,  n.  p.  1).    Dirichlet,  Zahlentheorie,  p.  99  (3rd  edition). 


gauss's  third  proof. 
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these  are  all  incongruent  (mod  p) :  hence  their  least  positive 
residues  will  be  all  incongruent  (mod  p).  Of  these  least  residues 
a  certain  number,  /j,  suppose,  will  be  greater  than  p'\  suppose  these 
are  a1}  a2,  ...  aM;  and  let  the  others,  which  are  not  greater  than  p, 
be  denoted  by  ft,  ft  ...  ft,  so  that  \  +  jj,=p.    Now  the  numbers 

p-  «i,  p-<*2,  ...  P-«m 
are  all  less  than  p'  +  1,  and  all  incongruent  (mod/)  since  alt  ct2 ... 
are  so.  Moreover  none  of  the  last  series  can  be  congruent  to  any 
one  of  the  series  ft ,  ft  ...  ft :  for  if  we  had  p  —  a  =  /3  (mod  p)  it 
would  follow  that  a  +  /3=£>,  and  consequently  if  a  is  a  residue  of 
sq,  and  /3  of  tq,  sq  +  tq  =  0  (mod  p);  and  hence,  since  q  is  prime, 
s  +  t  =  0  (mod  p),  which  is  impossible,  since  s  and  t  are  both  less 
than  \p.    Consequently  the  series 

(p-a,),  (p-Os)  ...  (p-ev),  ft,  ft  ...  ft 
must  consist  of  the  numbers  1,  2,  3  ...  p'  only  in  a  different  order ; 
and  therefore 

1 .  2 .  3  . . .  p  =  (p  -  cO  (p  -  Oa)  . . .  (p  -  a„) .  ft  ft  . . .  ft  (mod  p) 
=  (-  1)M .  ax  a2 . . .  aM  .  ft  ft  . .  .ft  (mod  p). 
But  ax  a2 . . .  aM  .  ft  ft  . . .  ft  =  q  .  2q .  Sq  . . .  p'q 

=  qP'  A  .2,3  ...p' 

and  therefore 

(-iy.^.1 .2.3.../.=  1.2.3        (mod  p). 

Dividing  by  1 .  2  . 3  . . .  _p'  which  is  prime  to  £>,  we  get 

(-l>*.gP'  =  l  (mod  / 

or  qP'  =  (-iy  (mod  p). 

But  qP'  =  (q\p)  (mod  /  by  Art.  30  : 

therefore  finally  (q\p)  =  (—  l)*4.  It  remains  to  calculate  the  value 
of  this  expression. 

It  is  convenient  in  what  follows  to  denote  by  [x]  the  greatest 
non-  negative  integer  contained  in  the  real  non-  negative  quantity 
x ;  so  that  x  =  [x\  +  6  where  6  is  a  non-negative  proper  fraction. 
Making  use  of  this  notation  we  may  write 

2q=p  [2q/p]  +  r2 


p'q=p[p'qlp]+rP'> 
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where  rx>  r2 
tion 


rp-  are  all  positive  and  less  than  p :  hence  by  addi- 


p*-l 


(1), 


where 

Now 
that  is 


.q  =  Mp  +  A+  B 

o 

M=  [q/p]  +  [2g/p]  +  •  •  •  +  [p'q/p] 
A  =  ax  +  02  +  . . .  +  aM 

(p-a1)  +  (p-az)+  ...  +  (jp-aM) 

+  &  +  &+...  +/8x  =  l  +  2  +  3  +  ...+|)/, 

Combining  this  with  (1)  we  have 

££i(9-l)-<jr-ji)j>  +  24. 
ra2  —  1  . 

Now  — - —  is  an  integer,  since  p  is  odd;  also  (q  —  1)  is  even : 

o 

therefore  (M  —  fi)p  =  0  (mod  2)  and  hence  y^  —  M  (mod  2),  so  that 
(q\p)  =  (-  1)*  =  (-1)» 

In  exactly  the  same  way 

(piff)-(-  ir 

where  N  =  [>/?]  +  [2p/q]  +  . . .  +  feW?]. 


• 


eisenstein's  geometrical  proof. 
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Hence  the  expression  for  M  becomes 

0 .  [p/q]  +  1  .  {[2p/q]  -  [p/q]}  +  2  .  {[Sp/q]  -  [2p/q]}  +  . . . 

+  (q-  V-lWplql-lW  -i)p/q]} 
+  4  •  b'  -  feWdJ- 

the  last  term  being  obtained  by  observing  that  there  are  p  terms 
in  the  original  expression  for  M. 

Rearranging,  we  get 

M  =p'q  -  {[p/q]  +  [2p/q]+  [Sp/q]  +  +  [q'p/q]} 

=  p'q-N, 

or  M  +  N  =p'q. 

Therefore  finally 

=  (_  I)i(l>-1)(<?-1)# 


'l 

0  £  J 

Fig.  1. 

40.  Eisenstein1  has  put  into  a  simple  geometrical  form  that 
part  of  the  preceding  demonstration  which  consists  in  shewing 
that  M+N=p'q. 

Construct  a  rectangle  OACB  of  which  the  sides  OA,  OB  con- 
tain p  and  q  units  of  length  respectively:  divide  this  up  into  unit 
squares  as  in  the  figure.    Join  00:   and   let   OD  =  EF  =  p 
OE  =  DF=q. 

Take  OA  for  axis  of  x,  OB  for  axis  of  y,  and  for  shortness'  sake 
let  a  point  (a,  b)  where  a,  b  are  positive  integers  (neither  zero)  be 
called  a  node. 


Crelle,  vol.  27,  p.  322. 
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The  equation  of  OG  is  y  =  ±^oo:  since  q/p  is  in  its  lowest  terms 
there  are  no  nodes  on  the  diagonal  OG. 

Evidently  [mq/p]  is  the  number  of  nodes  contained  in  that 
part  of  the  line  x  =  m  which  is  intercepted  between  OA  and  OG. 

Hence  M  =  [q/p]  +  [2<?/p]  +  . . .  +  [p'q/p]  is  the  number  of  nodes 
included  between  the  lines  OG,  OD,  DF,  those  upon  DF  being 
counted  in. 

Similarly  N  is  the  number  of  nodes  included  between  OG,  OE, 
EF. 

Therefore  M+N  is  the  number  of  nodes  belonging  to  the 
rectangle  ODFE,  that  is,  M  +  N  =p'q. 

41.  As  an  example  of  the  practical  use  of  the  Law  of  Reci- 
procity, suppose  it  is  required  to  find  whether  the  congruence 

a? +1457  =0  (mod  2389) 

is  possible. 

Here  2389  is  a  prime  :  and 

(- 1457 1 2389)  =  (-l|  2389)  (31 1 2389)  (47 1 2389). 
Now  (-  1 1 2389)  =  +  1,  since  2389  =  1  (mod  4) : 

(31 1 2389)  =  (2389 1 31)  =  (2 1 31),  [since  2389  =  2  (mod  31)] 
=  +  1  by  Art.  38  ; 
(47 1 2389)  =  (2389 1 47)  =  (39 | 47) = (3 | 47) (13 | 47) 
=  -(47|3)(47|13)=-(2|3)(8|13) 
=  -  (2 1 3)  (2 1 13)  =  -  (-  1)  (-  1)  =  -  1 
[or,  more  simply,  (39 1 47)  =  (-  8 1 47)  =  (-  2 j 47)  =  -  1]. 
Finally,  therefore,    (-  1457 1 2389)  =  (+  1)  (+  1)  (-  1) 

=  -i; 

so  that  the  proposed  congruence  is  insoluble. 

42.  The  meaning  of  Legendre's  symbol  (q\p)  has  been  ex- 
tended by  Jacobi1  as  follows. 

Let  the  positive  odd  number  P  be  resolved  into  its  prime 
factors  p,  p ,  p' ...  so  that 

P=pp'p... 
1  Berlin  Monatsberic'hte,  1837 :  or  Crelle,  vol.  30,  p.  166. 
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and  let  m  be  any  integer  prime  to  P.  Then  the  symbol  (m\P)  is 
defined  by  the  equation 

(m\P)  =  (m\ p)  (m |  p)  (m \p")  

where,  of  course,  two  or  more  of  the  primes  p,  p',p"...  may  be 
identical. 

Observe  that  when  P  is  an  odd  prime,  the  meaning  of  Jacobi's 
symbol  coincides  with  that  of  Legendre's ;  and  that  when  P  is 
even,  the  symbol  (m  |  P)  does  not  exist. 

The  properties  of  the  generalised  symbol  are  expressed  by  the 
following  theorems. 

1.  If  m  is  prime  to  each  of  the  odd  numbers  P,  Q, 

(m\PQ)  =  (m\P)(m\Q). 
For  if  P=ppp"... 

Q  =  qq'q"... 

(m  |  PQ)  =  (m  |  p)  (m  |  p)  (m  \  p")  . . .  (m  |  q)  (m  |  q')  (m  |  q")  . . . 
=  (m\P)(m\Q). 

2.  If  I,  m,  n  . . .  are  all  prime  to  P,  then 

(Imn  ...\P)=(l\P)(m\P)(n\P).... 
For  if  P  =p  p'  p"  . . .  as  before, 

{l\P)  =  (l\p)(l\p')(l\p")... 
(m\P)  =  (m\p)(m\ p) (m ... 
(n\P)  =  (n\p)(n\p')(n\p") ...  etc. 

Now  by  Art.  31,  (l\p)(m\p)  (n\p)  ...  =(lmn  ...\p):  so  that, 
multiplying  the  preceding  equations  together,  we  get 

(I |P)  (m | P)  (n | P)  . . .  =  (Imn  ...\p)  (Imn  ...\p') (Imn  . . . | p") 

=  (lmn  ...|P). 

3.  If  m  =  m  (mod  P)  and  m  is  prime  to  P,  then  m  is  also 
prime  to  P ,  and  (m!  \  P)  =  (m  |  P). 

This  is  obvious,  since  m'  =  m  (mod  p)  and  therefore 

(m'|p)  =  (m|p): 

and  so  for  any  other  prime  factor  of  P. 

Before  discussing  the  symbols  (—  1|P)  and  (2|P),  the  following 
two  lemmas  are  necessary. 
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I.  If  R  =  rr'r" . . .  is  any  odd  number 

R-l     r-1    r'-l  vr-l 

II.  With  the  same  notation 

-g—  =  2  -g—  (mod  2). 
The  proof  is  very  simple  :  namely 


R  =  (l  +  r  -  i)  (i  +  r'  -  1)  (1  +  r"  -  1). . . 
=  1  +  t  (r  -  1)  (mod  4), 

P  —  1        r  —  1 

and  therefore  — - —  =  2  — ~—  (mod  2). 


Similarly        i£  =  (1  +  r2  -  1)  (1  +  r'2  -  1). . . 

=  l  +  2(r*-l)  (mod  16), 

therefore       —  Q  *  =  X  r  0  *  (mod  2). 
o  o 

4.  P,  as  before,  being  an  odd  positive  number, 

(-i|P)=(-i)M 

(2|P)=(-l)^. 

For  by  definition 

(-i|P)=(-i|f»)(-ili»')(-i|i>")-- 

=  (_ !)—(_!)  2  ... 

=  (_1)    2  =(-1)  2   by  Lemma  I. 

p2_l  p2_l 

and  similarly       (2|P)  =  (-1)    8   =(-1)  8 
by  Lemma  II. 

5.  If  the  positive  odd  numbers  P,  Q  are  prime  to  each  other, 

(P\Q)(Q\P)  =  (-l)U?-WQ-v. 

Namely,  if  P  =  pp'p" . . .  and  Q  —  qqq" . . .  it  follows  from  theorems 
(1)  and  (2)  that 

(P\Q)  =  U(p\q), 

where  the  product  extends  over  all  the  different  combinations  of  a 
factor  p  with  a  factor  q. 


gauss's  first  proof. 
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Similarly  (Q\P)  =  U  (q\p),  and  therefore 
(P\Q)(Q\P)=U(p\q)(q\p) 

=  IT(-  1)K*-D«9-D 
=  (_  l)2i(p-D(g-D. 

Now  since  the  summation  extends  over  every  combination  (p,  q) 

2i0>-i)(?-i)  =  2^x29-^± 
_P-1  Q-l  ,  , 

by  Lemma  I. 

P-l  Q-l 

Hence    (P\Q)(Q  P)  =  (-l)  2      2  =  (-  1) i(P-D(«-D. 

It  is  clear  that  by  means  of  Jacobi's  extension  of  the  law  of 
reciprocity  the  algorithm  for  finding  (q\p)  may  often  be  abbreviated. 
For  instance,  in  the  latter  part  of  the  example  of  Art.  41  we  may 
proceed  thus : 

(39|47)  =  -  (47 139)  =  -  (8|39)  =  —  (2|39)  =  -  1 : 

the  resolution  of  39  into  its  prime  factors  being  avoided. 

43.  Like  many  other  important  theorems,  the  law  of  quadratic 
reciprocity  was  first  proved  by  an  inductive  method.  Gauss's 
original  proof  (B.  A.  Arts.  125 — 144)  has  been  considerably 
simplified,  without  altering  its  character,  by  Dirichlet  (Crelle,  t.  47, 
p.  139).  As  it  is  an  admirable  example  of  mathematical  induction, 
it  seems  proper  to  reproduce  it  here. 

It  is  assumed  that  the  formula 

(p|?)(9b)=(-i)1(*-1)(,-1,> 

where  p  and  q  are  positive  odd  primes,  has  been  proved  for  all 
such  primes  which  are  less  than  a  particular  prime,  say  q:  it 
is  then  shewn  to  be  true  for  every  combination  of  q  with  a 
smaller  prime:  the  theorem  being  true  in  the  case  of  the  two 
smallest  primes  3,  5  it  is  thus  seen  to  be  true  universally. 

We  observe  in  the  first  place  that  if  Legendre's  formula  is  true 
for  every  combination  of  two  primes  less  than  q,  Jacobi's  genera- 
lised formula  (P\Q)  (Q\P)  =  (-  1)  H*-D<«-i>  is  also  true,  provided 
P,  Q  are  positive  odd  numbers,  every  prime  divisor  of  which  is  less 
than  q.    This  is  obvious  from  Art.  42. 
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It  will  further  be  supposed  that  the  results  of  Arts.  37,  38  with 
respect  to  the  values  of  (—  l\p)  and  (±2\p)  have  been  proved: 
from  these  follow  the  values  of  the  generalised  symbols  (—  1|P), 
and(+2|P)by  Art.  42. 

The  complete  proof  requires  the  discussion  of  three  separate 
cases. 

I.    First  let  pRq :  then  an  integer  e  can  be  found  such  that 
e2-p  =  qf. 

Further,  we  may  suppose  e  less  than  q  and  even:  for  there  are 
two  suitable  values  of  e  which  are  less  than  q,  and  their  sum  is  q 
which  is  odd :  hence  one  of  the  values  of  e  must  be  even.  Hence 
/is  odd,  positive,  and  less  than  q. 

Now  if f  is  not  divisible  by  p,  it  follows  from  the  above  equa- 
tion that  {p\f)  =  1,  and  (qf\p)  =  1,  that  is,  (q\ p)  (f\p)  =  1. 
Hence  by  multiplication, 

(q\p)(f\p)(p\f)  =  h 
(?|p)=(/li')(i'l/)=>i)*,y-1|,/-1) 

by  the  extended  law  of  reciprocity.    Now  by  Lemma  I.  of  Art.  42 


q-l 
2    ^    2    ~  2 

_e2-(p  +  l) 
2 

_    p+ 1 
2 


(mod  2) 

(mod  2) 
(mod  2)  since  e  is  even, 


=  0  (mod  2), 

.-.    (? |p)  =  (-  l)^-1)  (/-i)  =  (-  l)i(P-i> 

which  agrees  with  the  law  of  reciprocity,  since  (p\q)  =  1. 

If  /  is  divisible  by  so  also  is  e,  and  we  may  write  e  =  e'p, 
f=f'p,  so  that 

e'»p-l=qf 
where  e'  is  even,  and  f  is  odd  and  less  than  q. 

Hence  e'2p  =  1  (mod  /')  and  therefore  (p\f')  =  I> 

Also  (-qf\p)^' 

that  is,  (-l)^($|p)(/1i>)=l: 
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multiplying,  etc.  as  in  the  other  case,  we  infer  that 

(q\p)  =  (~l) 2 

=  (—  l)*^-1)  tr+D, 

Since  qf  =  —  l  (mod  4),  one  of  the  numbers  g,  /'  must  be  of 
the  form  4m  +  1  and  the  other  of  the  form  4n  +  3,  whence 

and  therefore 

(q\p)  =  (-l)iip-1)lq-1] 

as  before. 

II.  Next  suppose  pNq  and  =  3  (mod  4) :  then  —  pRq,  and 
we  may  write 

e2  +  p  =  qf 

where,  as  before,  e  is  even,  and  /  odd,  and  less  than  q. 
Hence  1  =(-p\f)  =  (-  1)^  (p\f) 

and  i=(qf\p)  =  (q\p)(f\p)' 

therefore  (q\p)  =  (~  l)1"^ I/) (/I P) 

=  (_  i)i(P+«  (/-i). 

Now  since  <?/  =  p  (mod  4)  and  <?  =  3  (mod  4),/=  1  or  3  (mod  4) 
according  as  p  =  3  or  1  (mod  4) :  therefore  p—f=  2  (mod  4),  and 
consequently 

1  (P  +  1)  (/-  1)  "  i  (P  -  1)  (/+ 1)  =  «/"  P)  s  1  (mod  2) 
therefore  =  -  (-  l)^"1* 

As  in  Lemma  I. 

(g-i)  +  (/+i)  =  ^+i(mod  4) 

=  p  +  1  (mod  4) ; 

...  (p-l)(/+  l)-p2-l  (mod8), 

=  0  (mod  8), 

...    i  (jp  -  1)  (g  -  1)  +  l(p  -  1)  (/+  1)  =  0  (mod  2), 
and  therefore  finally  (q\p)  =  -(-  {q~1] 
which  agrees  with  the  law  of  reciprocity,  since  (p\q)=  —  1. 
If  p  divides  /,  we  put,  as  before,  e  =  e'p,f=fp, 
e'*p  +  1  = 
where  /'  is  odd  and  =  3  (mod  4). 
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Hence  (p|/)  =  _l 

i=(qf'\p)=(q\p)(f\p) 

and  (q\ p)  =  -  (p\f)  (f\p)  (-  l)*<*-*>  </'-> 

=  -(-  l)Kp-D(g-i) 
since  f  -9.  (mod  4). 

44.  The  case  which  remains  to  be  discussed  is  that  in  which 
pNq  and  q  =  1  (mod  4).  It  has  to  be  shewn  that  in  this  case 
qNp.   The  proof  is  effected  with  the  help  of  the  following  lemma : — 

There  exists  a  prime  number  p  less  than  q  such  that  qNp'. 

When  q  =  5  (mod  8),  this  is  easily  proved :  namely  q  —  2  =  S 
(mod  8),  and  therefore  q  —  2  involves  at  least  one  prime  factor  of 
the  form  8w  +  3  or  8n  +  5  :  if  pi  be  any  such  factor,  q  —  2  =  0 
(mod  p'),  and  therefore 

(«lfO-(*lfO  — i- 

Next  suppose  q  =  1  (mod  8). 

Let  m  be  the  greatest  integer  which  is  less  than  \/q,  and  suppose, 
if  possible,  that  q  is  a  quadratic  residue  of  all  odd  primes  which 
do  not  exceed  2m  + 1.  Then  if  if  =  (2ra  +  l)!  the  congruence 
a?  =  q  (mod  if)  is  possible  (cf.  Art.  35),  and  we  may  therefore 
find  a  positive  integer  k  such  that  k2  =  q  (mod  if). 

Hence 

(q  -  l2)  (g  -  22). .  .(#  -  m2)  =  (k2  -  l2)  (&2  -  22). .  .{¥  -  m2)  (mod  if). 

Now  ^  (A;2  -  l2)  (k2  -  22). .  .(k2  -  m2) 

=  (k  +  m)  (k  +  m  -  1)  (k  +  m  -  2). .    (k  -  1). .  .(&  -  m), 

and  since  this  is  the  product  of  (2m +  1)  consecutive  integers  it  is 
divisible  by  (2m  + 1) !  i.e.  by  if,  so  that 

k(q-  l2)  (q  -  22). .  .(q  -  m2)  =  0  (mod  M), 

and  therefore,  since  k  is  prime  to  if, 

(?  -  12)  (^  -  22)-  •  •(?  "  m2)/^ 

is  an  integer. 

But  this  quotient  may  be  written  in  the  form 

1  g- 12  q-  22  q-m2 

m  + 1 ' (m  +  1  )2 - 12 ' (m  +  1  )2 -  22  "*  (m  +  l)2-m2' 
where  each  factor  is  a  proper  fraction:  so  that  it  cannot  be  an 
integer. 


gauss's  first  proof. 
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Thus  there  must  be  at  least  one  prime  less  than  2m  + 1,  of 
which  q  is  a  non-residue  :  and  2m  +  1  <  ijq  +1<  q,  since  q  is  at 
least  equal  to  17.    The  lemma  is  therefore  proved. 

45.  We  are  now  able  to  complete  the  proof  of  the  law  of 
reciprocity. 

Observe  in  the  first  place  that  with  the  notation  of  last  article 
p'Nq,  for  if  p'  were  a  residue  of  q,  it  would  follow  by  Art.  43  that 
qRp\  which  is  not  true.  Since  then  pNq  and  p'Nq,  it  follows  that 
pp'Rq,  and  we  may  write 

e2-pp'  =  qf, 

where  e  is  even  and  less  than  q,  and  f  consequently  odd  and  less 
than  q. 

I.  Suppose  neither  p  nor  p'  divides  /. 

Then        {pp'\f)  =  l,    (qfW)  =  (q\pp')(f\pp')  =  l' 
.'.  by  multiplication 

(q\pp')  =  (f\pp')  (,pp'\f)  =  (- 
Now  since  q  =  1  (mod  4)  and  e  is  even, 
pp'  =  —  f  (mod  4), 

and  therefore  one  of  the  numbers  ^     -  ,  ^    ^  is  even,  so  that 

Z  L 

(q\pp')  =  +  1,  and  therefore  since  {q\p')  =  —  1, 

(q\p)=-l. 

II.  Next  suppose  /  divisible  by  p'  but  not  by  p.  Put 
f=/P>  e  =  e'p'\  then 

e'y-p  =  qf, 
where  f  is  odd  and  prime  to  p  and  p\  and  e'  is  even. 

Ilence  pp  =  e^p'2  (mod  f), 

so  that  (pp'lf)  =  1 : 

and  similarly       ( p)  =  1,    (-  pqf  \ p')  =  1, 
.'.  by  multiplication 

(q\pp')(pp'\f)  (f'W)  (p'\p)  (~P\P')  =  1, 
or        (q\pp)  =  (-  lfW-v       .  (-  1)J(P-D  <i>'-D .  (- 

=  (_  l^\(PP'-i)  (/'-D+  J (p+i)(p'-D  =  (_!)*  Say. 
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Now  since  f'  =  —p  (mod  4), 

f'-l    p+1  ,  AQ. 
J-j-  (mod  2): 

also  b(pp' -l)  =  b(p-l)  +  i(p'-l)  (mod  2)  : 

so  that  the  index  \  is  congruent  (mod  2)  to 

(^+^)(^)H(P+i)(y-i), 

that  is  to  J  ( -  1)  +  J  (p  +  1)  (p'  -  1), 

which  is  evidently  even.  Hence 

(qW)  =  +  1' 

and  therefore  as  before       (<?|.p)  =  ~  1- 

The  case  in  which  /  is  divisible  by  p  but  not  by  p'  may  be 
similarly  treated. 

III.    Finally  suppose  /  is  divisible  by  pp '. 

Putting  e  =  e'pp\  f=fpp\ 

we  get  e'*pp'  —  1  =  qf, 

whence  (  pp'  \  f)  =  1 , 

(-  qf'\pp)  =  (q\pp')  (-f'W)  = 

and  therefore  (q  \  pp')  =  (— f  \  pp')  (  pp'  \f) 

=  (_  i^(^'-D(/'+i)< 

f'+  1 

Now  /'  =  —  1  (mod  4)  so  that  J— - —  is  even,  and  therefore 

z 

(q\pp')  =  +I,  and  thence  as  before  (q\p)  =  —  1. 

The  law  of  reciprocity  has  therefore  been  completely  proved. 

46.  It  is  now  easy  to  find  the  forms  of  the  prime  numbers  of 
which  a  given  number  D  is  a  quadratic  residue :  more  generally, 
we  can  determine  all  the  positive  numbers  n  which  are  prime  to 
2 and  such  that  (D\n)  =  +  l1. 

Evidently  we  may  suppose  that  D  is  not  divisible  by  any 
square  :  for  if  D  =  aW, 

(D\n)  =  (a?\n)  (D'\n)  =  (D'\n). 

If  then  P  denotes  the  positive  product  of  all  the  odd  primes 
which  divide  D,  we  have 

D  =  ± P,  or  D=±2P. 
1  Cf.  Dirichlet,  Zahlentheorie,  p.  121. 


dirichlet's  table  for  (D\n). 
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There  are  four  cases  to  consider : 

I.  J)  =  ±P=1  (mod  4). 
By  the  generalised  law  of  reciprocity 

(B\n)  =  (n\P). 

Now  («'|P)  =  (n\P)   if  n'  =  n  (mod  P) : 

moreover  n  is  to  be  odd:  so  that  it  is  sufficient  to  consider  the 
<f>  (P)  odd  numbers  which  are  less  than  2P  and  prime  to  P. 

Let  a  be  any  one  of  these  numbers  for  which  (a|P)  =  +  l: 
then  (D\n)  =  +  1,  and  n  is  odd,  if 

n  =  a  (mod  2P). 

Similarly  (D|»)  =  —  1,  and  n  is  odd,  if 

n  =  b  (mod  2P), 

where  b  is  any  one  of  the  numbers  less  than  2P  and  prime  to  it, 
for  which  (b\P)  =  -l. 

For  instance  if  D  =  13,  the  odd  residues  of  13  which  are  less 
than  26  are 

1,  3,  9,  17,  23,  25: 
so  that     (13|n)  =  l   if  n=l,  3,  9,  17,  23,  25  (mod  26), 
and  (13|n)  =  -l    if  n  =  5,  7,  11,  15,  19,  21  (mod  26). 

II.  D  =  ±P  =  3  (mod  4). 

n-l 

Here  (i)|n)  =  (-  1)  2  (n|P), 

so  that  (D|rc)  =  +  1 

if  (w|P)  =  +  l,  n=l(mod4), 

or  (n\P)  =  -  1,      =  3  (mod  4) : 
while  (D\n)  =  -1  if 

(ti|P)  =  +  1,  ?i=3(mod4), 
or(n|P)  =  -l,    n  =  l(mod4). 

III.  D=±2P  =  2  (mod  8). 
In  this  case        (D|n)  =  (-  if*-*.  (n\P): 

(D|n)  =  +  1   if  (n|P)  =  +  l,  n  =  ±  1  (mod  8) 

or  (n\P)  =  -  1,  7i  =  ±  3  (mod  8), 

(D\n)  =  -1   if  (n|P)  =  -l,  ti=  ±1  (mod  8) 

or  (n\P)  =  +  1,  7i  =  ±  3  (mod  8). 
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IV.  D=±2P=6  (mod  8). 

(D|*i)  =  (-l)*<»-i>+t<»2^)  .(n\P) 
(D|«)  =  +  l       if(ra|P)  =  +  l       n  =  1,3  (mod  8) 
or  (n|P)  =  -  1       n  =  5,  7  (mod  8) 
(D|rc)  =  -1       if  (?i|P)  =  -l       nm  1,3  (mod  8) 
or  (n\P)  =  + 1       w  =  5,  7  (mod  8). 

In  each  of  the  cases  II — IV  the  values  of  n  group  themselves 
into  arithmetical  progressions  with  a  common  difference  4D  instead 
of  2D  as  in  the  first  case. 

Example.  Let  D  =  -30:  this  is  a  case  of  III,  with  P=15. 
It  will  be  found  that  (w|15)  =  +  l  if  n  =  l,  2,  4,  8  (mod  15)  and 
that  (n|15)  =  -  1  if  n  =  7,  11,  13,  14  (mod  15). 

The  conditions  (?i|15)  =  4-  1,  n  =  +  1  (mod  8)  are  simultaneously 
satisfied  if 

n  =  1,  17,  23,  31,  47,  49,  79,  113  (mod  120) ; 
and  (n\  15)  =  —  1,  n  =  +  3  (mod  8)  simultaneously  if 

n=  11,  13,  29,  37,  43,  59,  67,  101  (mod  120). 
Thus  (-  30|w)  =  +  l  if 
n  =  l,  11,  13,  17,  23,  29,  31,  37,  43,  47,  49,  59,  67,  79,  101, 

113  (mod  120). 

It  should  be  carefully  remembered  that  if  n  is  a  composite  odd 
number  the  condition  (D|rc)  =  +  1  is  necessary  but  not  sufficient 
in  order  that  D  may  be  a  quadratic  residue  of  n.  The  necessary 
and  sufficient  conditions  are  that  (D\p)  =  +  1  for  every  odd  prime 
p  which  is  contained  in  n  (cf.  Arts.  33 — 35).    For  instance 

(2|15)  =  +  1, 

because         (2  J 15)  =  (2 13)  (2 1 5)  =  (-  1)  (-  1)  =  +  1 ; 

but  2  is  not  a  residue  of  15. 

The  integers  of  which  a  given  number  D  is  a  quadratic  residue 
are  sometimes  referred  to  as  the  divisors  of  the  form  a?  —  D,  or  of 
the  form  a?  —  Dy2:  the  meaning  of  the  expression  being  that 
integral  values  of  x  and  y,  prime  to  each  other,  can  be  found  so 
as  to  make  x2  —  Dy2  a  multiple  of  the  divisor  in  question.  Thus 
the  problem  of  the  present  article  has  been  completely  discussed 
by  Legendre  under  the  head  of  "finding  the  linear  forms  which 
belong  to  the  divisors  of  t2  ±  cu2 "  (Theorie  des  Nombres,  2i6me  Partie, 


gauss's  method  of  exclusion. 
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§§  x — xii) :  and  he  gives  at  the  end  of  his  work  (Tables  III — VII) 
lists  of  the  odd  linear  divisors  of  a  large  number  of  forms  t2  ±  cu?. 
A  comparison  of  Legendre's  method  with  tliat  here  given  will  shew 
that  both  agree  in  principle,  but  that  a  good  deal  of  clearness  and 
brevity  is  gained  by  the  use  of  the  extended  law  of  reciprocity. 

47.    The  practical  solution  of  the  congruence  x2  =  a  (mod  p), 
when  its  possibility  has  been  established,  is  by  no  means  easy 
when  p  is  a  large  prime.    A  direct  solution  may  be  given  when  p 
is  of  the  form  4w  +  3  or  8n  +  5.    Namely  if  p  =  4n  +  3  and  aRp 
am+i  =  i  (m0(j  py  . 

whence  a  =  a2n+2  (mod  p), 

and  the  roots  of  x2  =  a  (mod  p)  are  therefore 

x  =  ±  an+1  (mod  p). 
Similarly  when  p  =  Sn  +  5  and  aRp 

a4n+8-l  =  0(mod  p)\ 
whence  either  a2n+1  =  1  (mod  p) 

or  a2n+1  =  —  1  (mod  p). 

In  the  former  case    a2n+2  =  a 
and  the  solution  is  given  by  x  =  ±  an+1. 
In  the  latter  case,  since 

-  1  =  (8n  +  4) !  (by  Wilson's  Theorem) 
=  P.22.32...  (4?i  +  2)2 
—  M2  (say), 
am+1  ee  M2. 

Now  determine  y  so  that  ay=l  (mod  p) :  then  multiplying 
the  last  congruence  by  ym, 

a  ee  y2n  M2, 

and  therefore  x  =  ±  Myn. 

When  p  ee  1  (mod  8)  an  indirect  method  has  generally  to  be 
adopted :  and  in  fact,  as  Gauss  has  remarked,  indirect  methods 
are  always  preferable  to  the  preceding,  as  being  less  laborious. 
Gauss  has  given  a  "  method  of  exclusion,"  which  may  be  applied 
with  advantage  when  p  is  moderately  large. 

The  solution  of  the  congruence  x2  ee  a  (mod  p)  is  identical  with 
that  of  the  indeterminate  equation 

x2  =  py  +  a. 
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We  may  suppose  that  x  is  positive  and  less  than  ^p:  hence 
x2  <  \p2  and  the  values  of  y  which  have  to  be  considered  range 
from  0  to  [Jpl  it  being  supposed  that  a  is  positive  and  less  than  p. 

Now  take  any  number  e  which  is  prime  to  p  and  greater  than 
2  :  find  its  non-residues  r^,  n^,  n3  etc.  and  denote  the  roots  of  the 
congruences 

a  +  py  =  nu  a  +  py  =  n2)  etc.  (mod  e) 

by  vu  v2,  etc.  Then  if  y=Vi  (mod  e),  the  expression  py  +  a  is  a 
non-residue  of  e  and  therefore  cannot  be  a  square.  We  are  thus 
enabled  to  reject  all  the  quantities  py  +  a,  where  y  =  V{  (mod  e); 
and  by  taking  different  numbers  e,  the  series  of  integers  py  +  a 
which  have  to  be  tested  may  be  continually  reduced,  until  a 
sufficiently  small  number  of  them  remain. 

As  an  example  take 

a?  =73  (mod  127) 
or  x?  =  W7y  +  73. 

Here  y  ranges  from  1  to  31. 

Taking  e  =  3,  =  2 ; 

and  73  +  127?/  =  2  (mod  3) 

gives  y  =  1  (mod  3). 

This  leaves 

2,  3,  5,  6,  8,  9,  11,  12,  14,  15,  17,  18 
20,  21,  23,  24,  26,  27,  29,  30. 
If  e  =  5,       ??!  =  2,       ng  =  3 ; 

127?/  +  73  =  2  (mod  5) 
gives  2y  +  3  =  2  (mod  5),      ^  =  2 ; 

127y  +  73  =  3  (mod  5) 
gives  2y  +  3  =  3  (mod  5),      p9  =  0. 

The  series  is  now  reduced  to 

3,  6,  8,  9,  11,  14,  18,  21,  23,  24,  26,  29. 
Next  let  e  =  7 

rij  =  3,    7i2  =  5,    7?3  =  6. 
The  congruences     127 y  +  73  =  3,  5,  6  (mod  7) 
or  y  +  3  =  3,  5,  6  (mod  7) 

give  y  =  0,  2,  3  (mod  7)  respectively  : 
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and  the  reduced  series  is  now 

6,  8,  11,  18,  26,  29: 

we  find  by  trial  that 

73  +  8.127  =1089  =  332, 
so  that  the  solution  of  the  given  congruence  is 
x=  ±  33  (mod  127). 
Various  considerations  enable  us  to  simplify  the  work  of  ex- 
clusion (cf.  Gauss,  D.  A.  Arts.  321,  322):  in  particular,  if  e,  e  are 
relative  primes,  every  number  which  is  a  residue  of  e  and  e'  is  a 
residue  of  ee',  so  that  when  two  such  "  excluding  numbers  "  e  and 
e  have  been  used,  there  is  no  use  in  trying  ee' .    Again  every 
residue  of  e  is  also  a  residue  of  2e,  if  e  is  odd :  so  that  in  this  case 
2e  need  not  be  tried,  if  e  has  been  used. 


AUTHORITIES. 

Euler  :  Observationes  circa  divisionem  quadratorum  per  numeros  primos 
(Comm.  Arith.  i.  p.  477).  Disquisitio  accuratior  circa  residua  ex  divisione 
quadratorum  altiorumque  potestatum  per  numeros  primos  relicta  (ibid.  i.  p.  487). 
Demonstrationes  circa  residua  ex  divisione  potestatum  per  numeros  primos 
resultantia  (ibid.  i.  p.  516). 

Legendre  :  Recherches  oVanalyse  indeterminee  (Hist,  de  l'Acad.  Roy.  des 
Sciences  1785,  p.  465). 

Gauss  :  D.  A.  Arts.  94—152. 

Dirichlet-Dedekind  :  Zaklentheorie,  §§  32 — 52. 

The  literature  connected  with  the  quadratic  law  of  reciprocity  is  very 
extensive.  The  reader  who  wishes  to  be  fully  acquainted  with  it  should 
consult  Baumgart  (Osw.),  Ueber  das  quadratische  Reciprocitdtsgesetz  (Leipzig, 
1885).  Euler,  by  induction,  discovered  the  law  in  its  complete  form  (Comm. 
Arith.  i.  486,  487  ;  cf.  Smith's  Report,  Art.  16,  and  Kronecker,  Zur  Geschichte 
des  Reciprocitdtgesetzes,  Berl.  Monatsber.  1875,  p.  267)  but  did  not  prove  it. 
Legendre,  in  the  memoir  above  quoted,  invented  the  symbol  which  goes  by 
his  name,  stated  the  law  in  the  form  in  which  it  is  now  generally  given,  and 
proved  some  cases  of  it ;  but  the  first  complete  demonstration  was  given 
by  Gauss.  It  may  be  convenient  to  give  here  a  complete  list  of  Gauss's 
proofs  of  the  theorema  fundamental,  as  he  called  it. 

(i)  Disq.  Arith.  Arts.  125—144.  There  are  two  curious  MS.  notes  by 
Gauss  to  Art.  131  :  Theorema  fundamental  per  vnductionem  defectum  1795 
Martio,  and  Demonstratio  prima,  quae  in  hac  sectione  traditur,  inventa  1796 
Apr.,  from  which  it  would  appear  that  he  discovered  the  law  of  reciprocity 
independently  of  Euler  and  Legendre. 
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(ii)  Disq.  Arith.  Art.  262.    (Proof  completed,  1800.) 

(iii)  Theorematis  arithmetici  demonstratio  nova  (Comm.  Gott.  xvi.  (1808), 
or  Werke,  ii.  p.  1). 

(iv)  Summatio  quarumdam  serierum  singularium,  Arts.  32 — 36.  (Ibid.  i. 
(new  series)  1811,  or  Werke,  ii.  p.  11.) 

(v)  and  (vi)  Theorematis  fundamentalis  in  doctrina  de  residuis  quadraticis 
demonstrationes  et  ampliationes  novce.  (Ibid.  iv.  (new  series)  1818,  or  Werke, 
ii.  p.  49.) 

(vii)  and  (viii)    Analysis  Residuorum,  Arts.  365,  366.    (Werke,  ii.  p.  233.) 

Of  more  recent  proofs,  the  most  instructive  are  those  of  Eisenstein  (Crelle, 
xxix.  (1845),  p.  177),Zeller  (Berlin  Monatsb.  Dec.  1872),  and  Kronecker  (Crelle, 
xcvi.  (1884),  p.  348,  and  xcvii.  p.  93  ;  also  in  the  Berlin  Monatsb.  for  1884). 

In  the  second  volume  of  Gauss's  collected  works  (p.  400)  there  is  a  table 
giving  the  value  of  ( p  \  q),  where  p,  q  are  primes,  from  p  =  2  to  p  =  997  and 
from  q=3  to  q  =  503. 


CHAPTER  III. 


Binary  Quadratic  Forms ;  Analytical  Theory. 

48.  A  rational,  integral,  homogenous  function  of  any  number 
of  variables  is  called  an  algebraical  form.  Forms  are  classified 
according  to  the  number  of  variables  as  binary,  ternary,  etc.,  and 
according  to  their  degree  in  the  variables  as  linear,  quadratic, 
cubic,  and  so  on.  It  is  convenient  to  speak  of  a  '  cubic '  instead  of 
a  '  cubic  form,'  and  so  in  other  cases.  Thus 

aa?  +  Sbx2y  +  Sexy2  +  dtf 

is  a  binary  cubic ; 

ax2  +  by2  +  cz2  +  %fyz  +  2gzx  +  2hxy 

is  a  ternary  quadratic.  These  forms  are  expressed  more  compactly 
by  the  notation  (a,  b,  c,  dfyx,  yf,  (a,  b,  c,  f,  g,  h\x,  y,  z)2 ;  as  a 
matter  of  convenience  the  literal  coefficients  are  understood  to  be 
multiplied  by  the  corresponding  numerical  coefficients  of  the 
expansions  of  (x  +  y)3  and  (x  +  y  +  z)2.  So,  in  general,  the  ra-ary 
w-tic  may  be  written  (a,  b,  c...^x1}  x2...xm)n,  where  the  literal 
coefficients  are  to  be  multiplied  by  the  corresponding  numerical 
coefficients  in  the  expansion  of  {xx  +  x2  +  xz  +. . .+  xm)n. 

The  suppression  of  the  numerical  multipliers  is  indicated  by 
writing  (a,  b}  c...$a?i,  x2...)n.    Thus  (a,  b,  c$x,  yY  means 

ax2  +  bxy  +  cy2. 

In  the  arithmetical  theory  of  forms  the  coefficients,  as  well  as 
the  variables,  are  understood  to  be  integers,  unless  the  contrary  is 
expressed. 

Within  the  last  fifty  years,  the  algebraical  theory  of  forms  has 
developed  into  one  of  the  most  important  branches  of  analysis.  It 
may  fairly  be  said  that  the  germs  of  the  modern  algebra  of  linear 
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substitutions  and  concomitants  are  to  be  found  in  the  fifth  section 
of  the  Disquisitiones  Arithmetics  ;  and  inversely,  every  advance  in 
the  algebraic  theory  of  forms  is  an  acquisition  to  the  arithmetical 
theory.  At  the  same  time,  the  additional  difficulties  which  the 
latter  involves  are  so  serious  that,  except  in  the  simplest  case, 
that  of  binary  quadratics,  much  remains  to  be  done  to  advance  it 
to  the  same  relative  degree  of  perfection. 

49.  For  the  present,  our  attention  will  be  confined  to  binary 
quadratic  forms  with  real  integral  coefficients.  Many  of  the 
earlier  arithmetical  discoveries  made  in  the  interval  extending 
from  Diophantus  to  Euler  may  be  expressed  as  theorems  relating 
to  certain  special  quadratic  forms;  thus  the  representation  of  a 
number  as  the  sum  of  two  squares  is  connected  with  the  form 
x2  +  y2.  The  general  theory  was  first  treated  in  a  systematic  way 
by  Lagrange  and  Legendre,  and  afterwards  more  completely  by 
Gauss  in  the  Disquisitiones  Arithmeticce.  Quite  recently,  new 
light  has  been  shed  on  the  properties  of  binary  quadratic  forms  by 
the  researches  of  Dedekind,  Klein,  Poincare  and  others  in  con- 
nexion with  elliptic  modular-functions  and  the  allied  transcen- 
dents, such  as  Fuchsian  functions.  Nevertheless,  Gauss's  work 
will  always  remain  classical,  so  that  an  account  of  the  subject, 
principally  from  his  point  of  view,  with  some  simplifications  due 
to  Dirichlet,  will  naturally  precede  the  discussion  of  later  develop- 
ments. 

Throughout  the  rest  of  this  chapter  the  word  '  form '  will  be 
used  in  the  sense  of  'binary  quadratic  form  with  real  integral 
coefficients.'  When  there  is  no  reason  to  specify  the  variables,  or 
indicate  their  connexion  with  other  variables,  (a,  b,  c)  will  be 
written  for  ax2  +  2bxy  +  cy2.  Here  a  is  called  the  first  coefficient, 
b  the  second,  and  c  the  third.  It  is  important  to  observe  that  the 
forms  (a,  b,  c)  and  (c,  b,  a)  are  to  be  considered  different  (except 
when  c  =  a)  although  the  first  becomes  identical  with  the  second, 
if  the  variables  are  interchanged. 

Representation  of  Numbers. 

50.  A  number  m  is  said  to  be  represented  by  a  form  (a,  6,  c), 
when  numbers  x,  y  can  be  found  such  that 

ax2  +  2bxy  +  cy2  =  m. 
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The  representation  is  primitive  or  derived  according  as  x,  y 
are  relatively  prime  or  otherwise.  It  is  clear  that  if  dv  (x,  y)  =  yn, 1 
m  is  divisible  by  /n2,  and  that  if  x  =  fix,  y  =  py,  ax2  +  2bx'y'  +  cy'2 
is  a  primitive  representation  of  ra/yu,2.  It  will  therefore  only  be 
necessary  to  consider  primitive  representations,  and  we  may  use 
'  represented  '  in  the  sense  of  '  primitively  represented/  unless  the 
contrary  is  expressed. 

51.  The  properties  of  a  form  (a,  b,  c)  are  intimately  connected 
with  the  value  of  its  discriminant  ac  —  b2.  This  discriminant,  with 
its  sign  changed,  is  called  the  determinant  of  the  form,  and 
generally  denoted  by  B,  so  that  B  =  62  —  ac.  One  distinction 
between  forms  of  a  positive,  and  those  of  a  negative  determinant, 
immediately  presents  itself.  Namely,  if  m  =  ax2  +  2bxy  +  cy2,  we 
deduce  am  =  (ax  +  by)2  —  By2,  cm  —  (cy  +  bx)2  —  Dx2 ;  so  that  if  B 
is  negative,  am,  cm  are  both  positive  for  real  values  of  x,  y,  and 
a,  c,  m  have  the  same  sign.  That  is,  all  numbers  representable  by 
a  form  (a,  b,  c)  of  a  negative  determinant,  are  of  the  same  sign, 
that  sign  being  the  same  as  that  of  the  first  and  third  coefficients 
of  the  form.  On  the  other  hand,  if  B  is  positive,  the  form  may  be 
made  to  represent  both  positive  and  negative  numbers.  For  in 
this  case, 

am  =  (ax  +  by)2  —  By2 

=  {ax  +  (6  +  \/B)  y)  [ax  +  (b  -  s/B)  y), 

and  integral  values  of  x,  y  can  always  be  found  so  as  to  make  the 
linear  factors  on  the  right  agree  or  differ  in  sign.  This  is  most 
easily  seen  by  considering  x,  y  as  the  rectangular  coordinates  of  a 
point:  for  the  two  lines  ax-]-(b  ±  \/B)y  =  0  will  divide  the  plane 
of  reference  into  four  regions,  each  of  which  will  contain  points 
whose  coordinates  are  integers.  For  points  within  two  of  these 
regions  the  values  of  ax  +  (b  +  >jB)y  and  ax  +  (b  —  ^/B)y  will 
agree  in  sign :  for  the  other  two  they  will  differ.  Hence  by  a 
suitable  choice  of  the  integers  x,  y,  the  value  of  am,  and  conse- 
quently of  m,  can  be  made  positive  or  negative  at  pleasure. 

Forms  of  negative  determinant  may  be  called  definite  forms, 
and  further  subdivided  into  positive  and  negative  forms  according 
as  a,  c  are  both  positive  or  both  negative.  It  is  sufficient  to 
consider  positive  forms,  since  the  properties  of  negative  forms  may 

1  By  dv  (x,  y)  is  meant  the  greatest  common  measure  of  x  and  y,  taken 
positively. 
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be  immediately  inferred.  Forms  for  which  D  is  positive  are  called 
indefinite. 

In  the  special  case  when  D  is  a  positive  square,  k2  suppose, 
the  form  ax2  +  2bxy  +  cy2  may  be  written 

-  [ax  +  (6  +  k)  y]  [ax  +  (b-  k)  y\. 

Such  forms  will  be  excluded  from  the  discussion;  the  theory  of 
them  presents  no  special  difficulty  or  interest,  and  belongs  more 
properly  to  that  of  linear  forms. 

52.  In  connexion  with  any  form  (a,  6,  c)  we  shall  have  to 
consider  the  quadratic  equation 

ao>2  +  26a>  +  c  =  0. 

The  roots  of  this  are 

-b  +  »JD  -b-^D 

wi  =  ,  (o2  =   , 

a  '  a 

where  \JD  means  the  positive  square,  root  of  D,  if  D  is  positive ; 

while  if  D  is  negative  and  equal  to  —  A,  <JD  means  iVA,  where  \/A 

is  taken  positively.    It  is  convenient  to  call  a>lt  co2  the  roots  of  the 

form ;  a>x  may  be  distinguished  as  the  first  or  principal  root,  co2  as 

the  second  root. 

53.  The  form  (a,  b,  c)  is  said  to  be  primitive  if  dv  (a,  b,  c)  =  1 ; 
if  dv  (a,  b,  c)  =  the  form  is  said  to  be  derived  from  the  primi- 
tive form  (a/fi,  b/jj,,  c/fi).  Primitive  forms  are  subdivided  into 
properly  and  improperly  primitive,  according  as  dv  (a,  26,  c)  =  1 
or  2  respectively.  Thus  (1,  1,  3)  is  properly  primitive,  (2,  1,  2) 
improperly  primitive ;  (2,  2,  6),  (6,  3,  6)  are  forms  derived  from 
them. 

The  determinant  of  a  derived  form  necessarily  involves  a 
square  factor. 

For  every  determinant  D  there  is  at  least  one  properly 
primitive  form ;  in  fact,  (1,  0,  —  D)  is  properly  primitive,  and  is 
called  the  principal  form  of  determinant  D. 

Improperly  primitive  forms  exist  only  when  D  =  1  (mod  4). 
For  if  dv  (a,  26,  c)  =  2,  it  follows  that  a,  c  are  even  and  6  is 
odd,  therefore  D  =  62  —  ac  =  1  (mod  4).  Conversely,  if  D  =  4n  +  1, 
the  form  (2,  1,  —  In)  is  improperly  primitive,  and  of  determi- 
nant D. 


LINEAR  SUBSTITUTIONS. 


61 


Transformation  and  Equivalence. 

54.  Suppose  the  variables  x,  y  are  connected  with  two  other 
variables  x,  y'  by  means  of  the  linear  equations 

x  =  ax'  +  /3y\ 

y  =  yx'  +  8y\ 

where  a,  ft,  y,  8  are  integers.  If  we  substitute  these  values  of  x,  y 
in  the  form  (a,  b,  c§x,  y)2  it  becomes  (a',  b\  c'$V,  y')2,  where 

a'  =  aa2  +  2bay  +  cy2, 

V  =  actj3+b  («8  +  £7)  +  cyS, 

c'  =  a/32+2b/38  +  ch2. 
We  may  say  that  the  form  (a,  b,  c)  has  been  transformed  into 
(a',  b',  c')  by  the  substitution       ^  :  and  the  connexion  between 
the  old  and  the  new  variables  may  be  expressed  by  writing 

(*>2/)  =  Q  g)K»  2/')- 

Whenever  x',  y'  are  integers,  x,  y  are  so ;  therefore  every 
number  (primitively  or  otherwise)  representable  by  (a\  b'y  c)  is 
representable  by  (a,  b,  c).  On  this  account  the  form  (a',  b't  c') 
is  said  to  be  contained  in  (a,  b,  c). 

The  integer  a8  —  @y  =  e,  say,  is  called  the  determinant  of  the 
substitution :  and  (a,  b,  c)  is  said  to  contain  {a\  b',  c')  properly  or 
improperly,  according  as  e  is  positive  or  negative. 

If  e  =  +  1,  the  substitution  may  be  called  unitary ;  and  proper 
or  improper,  according  as  e  =  +  1  or  —  1. 

Expressing  x,  y  in  terms  of  x,  y,  we  have 

x'  =  (8x  -  /3y)/e, 

y'  =  (-yx  +  ay)/€. 

In  order  that  x,  y  may  be  integers  whenever  x,  y  are  so,  it  is 
necessary  and  sufficient  that  a/e,  /3/e,  7/e,  S/e  should  all  be  integers. 
Now 

a  8_/3  7_1. 

6     6       €  '  €       6  ' 

so  that,  in  the  case  considered,  1/e  is  an  integer:  therefore  e=  ±  1. 
Conversely,  whenever  e  =  ±  1,  each  of  the  forms  (a,  b,  c),  (a',  b',  c) 


62  BINARY  QUADRATIC  FORMS. 

is  contained  in  the  other,  and  they  are  said  to  be  equivalent, 
properly  or  improperly,  according  as  e  =  4- 1  or  —  1 . 

The  proper  equivalence  of  two  forms  (a,  b,  c)  (a,  b',  c)  may  be 
indicated  by  the  notation 

(a,  b,  c)  oo  (a,  b',  c'). 

55.  It  follows  from  the  theory  of  invariants,  or  may  be 
proved  independently,  that  if  (a,  b,  c)  is  transformed  into  (a,  b\  c') 

by  the  substitution  ,  then 

D'  =  b'2  -  a'c'  =  (b2  -  ac)  (aS  -  /37)2 
=  De2. 

If  the  two  forms  are  equivalent,  e2=l,  and  therefore  D'  =  D. 
It  is  not  true,  conversely,  that  if  D'  =  D,  the  forms  are  equivalent ; 
in  fact,  one  of  the  fundamental  problems  to  be  solved  is  that  of 
deciding  whether  two  given  forms  of  the  same  determinant  are 
equivalent  or  not.  Supposing  that  they  are,  there  is  the  further 
question  of  finding  all  the  substitutions  which  transform  one  into 
the  other. 

56.  Let  the  form  (a,  b,  c)  be  converted  into  (a',  bf,  c')  by  the 

unitary  substitution  i^^j  °f  determinant  e:  and  let  a)1}  co2  be 

the  roots  of  (a,  b,  c),  &>/,  co2'  those  of  (a',  b ',  c').  Then  if  »'  is  the 
root  of  (a',  b',  c')  corresponding  to  w„ 

aa'  +  fi 

<yay  +  b 

and  therefore 

—  70)!  +  a    —  y(—b  +  */D)  +  a.a 
_  {aa  4-  by  4-  7  VP}  {-  og  -  bB  +  $*JD] 

(aa  +  by)2-Dy2 
=  -  a  {aa/3  4-  b  (otS  +  (3y)  4-  cyS]  4-  a  («8  -  ffly)  *JD 
a  (aa2  4-  Ibay  4-  C72) 

a' 

consequently  a/  =  ©/  or  &)2'  according  as  e  =  4- 1  or  —  1 ;  that  is, 
according  as  the  forms  are  properly  or  improperly  equivalent. 
This  way  of  expressing  the  distinction  between  proper  and 
improper  equivalence  is  due  to  Dirichlet1. 

1  Berlin  Abhandl.,  1854,  p.  99  ;  Liouville  (2nd  series),  vol.  ii.,  p.  353. 
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57.    Suppose  that  a  form  /=  ax2  +  2bxy  +  cy2  is  transformed 
into  f  =  a'x'2  +  2b 'x'y  +  c'y' 2  by  the  substitution  S  =       ^  ,  of 
determinant  e ;  and  that  f  is  transformed  into 
/"  =  a"/2  +  26Vy  +  y'"1 

by  the  substitution  S  =       ^  ,  of  determinant  e'. 
Then  since 

a;  =  ax'  +  $y 
=  a  (a 'x"  +  /fy")  +  £  (7V  + 
=  (aa'  +  Py')x"  +  (af3'  +  f38')y" 
and  similarly      ?/  =  (7a'  +  By)  x"  +  (yj3'  +  88')  y", 
it  is  clear  that  /  is  transformed  into  /"  by  the  substitution 
faa'  +  fiy,  a£'  +  £8'\ 
Vya'+fcy',  yff  +  88'J' 
This  substitution  is  said  to  be  compounded  of  S  and  S',  and  is 
denoted  by  SS'.    It  is  to  be  carefully  observed  that 

S>s=(«'a+P'y>  + 

\y'a  +  8'y,  y'/3  +  8' 8  J 
is,  in  general,  different  from  SS'. 

In  forming  the  elements  of  SS'  we  proceed  in  the  same  way 


as  in  the  multiplication  of  the  determinants 


7,  s 

7',  8' 

the 


multiplication  being  performed  according  to  rows  of  the  first 
matrix  and  columns  of  the  second. 

The  determinant  of  SS'  is 

(««'  +  £7)  (7/3'  +  S^')  -  (a/3'  +       (7a'  +  &/) 
=  (a8-0y)(a'8'-/3'y') 
=  ee'. 

This  is  positive  or  negative  according  as  e,  e  agree  or  differ  in 
sign;  therefore  SS'  is  a  proper  substitution  if  S,  S'  are  both 
proper  or  both  improper;  otherwise  it  is  improper. 

We  may  compound  SS'  with  any  other  substitution  S"  and 
thus  obtain  (SS')S".  It  may  easily  be  verified  and  is,  in  fact, 
obvious  that  this  is  the  same  as  S(S'S"),  so  that  it  may  be 
expressed  without  ambiguity  by  SS'S" ;  and,  in  general,  the 
result  of  compounding  any  number  of  substitutions  Slf  S2,...Sn, 
in  this  order,  may  be  written  $x$2...$n,  and  called  the  product 
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of  the  substitutions  (in  this  order).  In  particular,  a  substitution 
may  be  compounded  with  itself  any  number  of  times  and  the 
result  written,  in  the  form  Sp. 

The  substitution  Q'  ^  leaves  the  variables  unaltered ;  it  is 
called  the  identical  substitution,  and  may  be  denoted  by  1. 

Let  S  =  be  a  unitary  substitution,  so  that  e2  =  1.  We 

have 

(a,  fi\  (  8/e,  -  0fe\  =  ((aB  -  0y)/e,  0  \ 
\y,  $  J  \-  yfe,      a/eJ     \        0       ,  (aS  -  07)/e/ 

The  substitution  S'  =  (   ^,6'    ^(e^  is  said  to  be  inverse  to  8, 
V-  7/e,  a/e/ 

and  is  denoted  by  S~\  Evidently  (S"1)-1  =  8,  and  S-'S  =  88-1  =  1. 
We  may  also  write  S"71  for  (S^)71,  where  n  is  a  positive  integer ; 
and  it  is  clear  that  $_w  =  ($n)-1 ;  for  instance, 

&.S-3  =  &.  S8-1 .  £~2  =  £2#-2  =  8 . 88-1 .  S-1  =  S8-1  =  1 , 
and  so  in  general.  Thus  for  all  positive  and  negative  integral 
indices,  Sm8n  =  Sm+n  ;  and  after  the  admission  of  negative  indices 
it  still  remains  true  that  in  the  composition  of  substitutions  the 
associative  law  of  algebraical  multiplication  is  valid,  but  not  the 
commutative. 

58.  Applying  these  results  to  the  theory  of  quadratic  forms, 
we  draw  the  following  conclusions  : — 

I.  If  flf  f2 . .  .fn  be  any  number  of  forms  each  of  which  contains 
the  next  following,  J\  will  contain  fn\  and  a  substitution  which 
transforms  /j  into  fn  may  be  obtained  by  compounding  the  sub- 
stitutions which  convert  fx  into  f2,  /2  into  f3  ...fn-\  into  fn.  The 
resulting  substitution  is  proper  or  improper  according  as  the 
number  of  its  improper  components  is  even  or  odd. 

II.  If  fly  f2,  fs  are  any  three  forms,  such  that  f  is  equivalent 
to  f2,  and/2  to  f3,  then  f  is  equivalent  to  f3. 

In  particular,  if  f  oo /2,  and /2^>/3,  then  fi^f3. 

For  the  present  only  proper  equivalence  will  be  considered, 
and  'equivalent'  will  be  used  in  the  sense  of 'properly  equivalent.' 
Similarly  'unitary  substitution'  will  mean  'proper  unitary  sub- 
stitution/ unless  the  contrary  is  stated 
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Reduction  of  the  problem  of  representation  to  that  of  equivalence, 

59.  It  has  already  been  observed  (see  above,  Art.  50)  that  in 
discussing  the  representation  of  numbers  it  is  sufficient  to  con- 
sider primitive  representations.    Suppose,  now,  that 

m  =  act2  +  2bay  +  cy2 

is  a  primitive  representation  of  an  integer  m  by  the  form  (a,  b,  c), 
so  that  a,  y  are  integers  prime  to  each  other.    Let  integers  /3,  8 

be  chosen  such  that  a8  —  @y  =  l.    Then  the  substitution 
converts  (a,  b,  c)  into  an  equivalent  form  (a',  V ,  c'),  where 
a'  =  aa2  +  Zbay  +  cy2  —  m, 
b'  =  aa@  +  b(a8  +  @y)  +  cy8  =  n,  say, 

Conversely,  if  we  can  find  a  form  (m,  n,  I)  equivalent  to  (a,  b,  c) 

and  if  is  any  unitary  substitution  which  converts  (a,  b,  c) 

into  {m,n,  I),  then  m  may  be  represented  in  the  form  (a,  b,  cj#,  y)2 
by  putting  x  =  a,  y  =  y. 

Since  n2  —  lm  =  D, 

it  follows  that  n2=D  (mod  m), 

and  therefore  D  is  a  quadratic  residue  of  7??.  Hence  no  number 
of  which  D  is  a  non-residue  can  be  represented  by  any  form  of 
which  the  determinant  is  D.  On  the  other  hand,  if  m  is  any 
number  of  which  D  is  a  residue,  and  n  a  root  of  the  congruence 
n2=D  (mod  m),  then  (n2  —  D)jm  is  an  integer,  I  suppose,  and  the 
form  (m,  n,  I)  is  of  determinant  D,  and  one  by  which  m  can  be 
represented. 

If  ±  n,  ±  n,  ±  n",  etc.  are  all  the  incongruous  solutions  of 
n2  =  D  (mod  m),  and  I,  I',  I",  etc.  the  corresponding  values  of 
(n2  —  D)/m,  every  form  (a,  b,  c)  of  determinant  D  by  which  m  can 
be  represented  must  be  equivalent  to  one  of  the  forms 

(m,  71,  I),  (m,  —  n,  I),  (m,  n\  V),  (m,  —  n',  V)  etc. 

Conversely  m  can  be  represented  by  any  form  which  is  equivalent 
to  one  of  these. 

When  a,  7  are  given,  the  general  values  of  &  8  are  of  the  form 
/3  =  /90  +  fca,  8  =  80  +  ky, 
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k  being  any  integer,  and  /30,  B0  two  particular  values  of  j3,  &  so  that 
aS0  —  /30y  =  1.    Hence  the  general  value  of  n  is 
n  =  (aa  +  by)  /S  +  (6a  +  07)  S 

=  (aa+67)y90  +  (6a  +  C7)So 
+  A;  (aa2  +  26a7  +  C72) 
=  n0  +  &ra  =  rc0  (mod  m), 
w0  being  a  particular  value  of  n. 

The  representation  m  =  aa2  +  26a7  +  C72  is  said  to  appertain 
to  the  root  n0  of  the  congruence  n2  =  D  (mod  m).  Representations 
appertaining  to  the  same  root  of  the  congruence  are  said  to  belong 
to  the  same  set. 

We  shall  return  to  the  problem  of  representation  later  on : 
meanwhile,  enough  has  been  said  to  shew  its  dependence  upon 
the  theory  of  equivalence,  which  will  now  be  considered  in  detail. 

60.  Before  doing  so,  however,  it  may  be  well  to  give  an  out- 
line of  the  principal  results  which  will  be  obtained. 

Forms  which  are  properly  equivalent  are  said  to  belong  to  the 
same  class.  Each  class  contains  an  infinite  number  of  forms,  any 
one  of  which  may  be  taken  as  a  representative  of  the  class;  all 
the  other  forms  of  the  class  being  derivable  from  it  by  means  of 
unitary  substitutions. 

For  every  determinant  the  number  of  distinct  classes  is  finite. 
The  proof  of  this  fundamental  proposition  consists  in  shewing 
that  for  any  given  determinant  there  exists  a  limited  number 
of  forms,  called  reduced  forms,  the  coefficients  of  which  satisfy 
certain  conditions  of  inequality,  and  that  each  class  contains  at 
least  one  reduced  form.  The  criteria  of  a  reduced  form  are  quite 
distinct  for  definite  and  indefinite  forms ;  but  in  each  case  we  are 
able  to  construct  a  complete  system  of  reduced  forms  and  to  ar- 
range them  into  sets  of  equivalent  forms.  The  number  of  sets  is 
equal  to  the  number  of  classes  for  the  determinant  considered. 

A  method  is  devised  by  which  any  proposed  form  may  be 
transformed  into  an  equivalent  reduced  form ;  so  that  in  order  to 
find  out  whether  two  given  forms  of  the  same  determinant  are 
equivalent  or  not,  it  is  sufficient  to  find  reduced  forms  equivalent 
to  them,  and  then  decide  whether  these  reduced  forms  belong  to 
the  same  class.  This  can  be  done  in  every  case ;  and  moreover,  if 
the  two  given  forms  are  equivalent,  the  process  by  which  this  fact 
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is  established  also  enables  us  to  find  a  unitary  substitution  which 
will  convert  one  of  the  forms  into  the  other. 

Finally,  by  a  method  which  is  applicable  to  all  quadratic  forms, 
we  are  able  to  find  all  the  substitutions  by  which  a  given  form 
may  be  converted  into  another  given  form  which  is  equivalent  to 
it. 


lent  form  f  =  (a',  b',  c)  by  the  proper  unitary  substitution  : 


61.    Let  the  form  f—{a,  b,  c)  be  transformed  into  the  equiva- 

'a,  /3> 

then  (Art.  54) 

a'  =  aa2  +  2bay  +  cy2 

b'  =  aa/3  +  b  (a8  +  /3y)  +  cyS 

c'  =  a{32+2b/38  +  cS2. 

From  this  it  is  evident  that  every  common  divisor  of  a,  b,  c  is 
also  a  common  divisor  of  a',  b',  c.    Now  since  f  is  converted  into 

f  by  the  inverse  substitution      ^         >  a>  k  c  can  ^e  expressed 

as  integral  linear  functions  of  a',  b',  c';  therefore  every  common 
divisor  of  a,  b',  c'  is  also  a  common  divisor  of  a,  b,  c.  Therefore 

dv  (a',  b',  c')  =  dv  (a,  b,  c) 

and  similarly  dv  (a',  2b',  c)  =  dv  (a,  2b,  c). 

That  is  to  say,  /  and  f  are  either  both  properly  primitive,  or 
both  improperly  primitive,  or  both  derived  forms ;  and  moreover 
in  the  last  case  they  are  derived  from  equivalent  primitive  forms. 

Classes,  therefore,  like  forms,  may  be  distributed  into  primitive 
and  derived  classes. 

Any  two  forms  (a,  b,  c)  (a,  b' ,  c')  of  the  same  determinant  are 
said  to  belong  to  the  same  order  if  dv  (a\  b',  c')  =  dv  {a,  b,  c)  and 
dv  (a,  2b',  c)  =  dv  {a,  2b,  c).  There  is  a  corresponding  arrangement 
of  classes;  so  that  we  may  have,  in  the  most  general  case,  orders 
of  properly  primitive  classes,  of  improperly  primitive  classes,  and 
of  classes  derived  from  properly  and  improperly  primitive  classes 
respectively. 

In  the  theory  of  equivalence  it  is  sufficient  to  consider  primitive 
forms  ;  and  in  like  manner  with  regard  to  the  representation  of 
numbers.  For  it  follows  from  the  results  of  this  article  that  every 
form  equivalent  to  (jjxl,  fib,  fic)  must  be  of  the  type  (fia',  yb' ,  fie'), 
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and  from  the  equivalence  (fid,  fib',  fie')  oo  (fia,  fib,  fie)  we  infer 
(a,  b',  c)  co  (a,  b,  c).  Similarly  if  m  is  represen table  by  a  derived 
form  (fia,  fib,  fic),  m/fi  must  be  an  integer,  and  to  every  representa- 
tion of  m  by  (fia,  fib,  fic)  corresponds  a  representation  of  m/fi  by 
(a,  b,  c)  and  conversely.  In  what  follows,  therefore,  unless  the 
contrary  is  stated,  it  will  be  supposed  that  the  forms  considered 
are  primitive. 

62.  A  good  deal  of  brevity  and  clearness  is  gained  by  adopting 
the  following  definitions. 

Two  forms  (a,  b,  c),  (a,  —  b,  c),  which  differ  only  in  the  sign  of 
their  middle  coefficients,  are  said  to  be  opposite  forms.  Opposite 
forms   are   always  improperly  equivalent,  for  the  substitution 

(o'    l)  conver*s  (a'  ^  c)        (a'  ~  ^  c)* 

Two  forms  are  adjacent,  when  the  first  coefficient  of  one  is 
equal  to  the  third  coefficient  of  the  other,  and  moreover  this 
common  coefficient  divides  the  sum  of  the  middle  coefficients.  Or, 
in  symbols,  the  forms  are  (a,  b,  d),  (d,  V ,  a"),  with  b  +  b'  =  0 
(mod  d).  Two  adjacent  forms  are  properly  equivalent ;  for  if  we 
put  (b  +  b')/d  =  —  Z,  it  is  easily  verified  that  the  substitution 

^  converts  (a,  b,  d)  into  (d,  b',  a").    It  may  be  observed 


&'2  _  j)    (52  _  x>)  _  (6  +  b')  (b  -  b') 


also  that 


=  a+h(b-V). 

A  special  case  which  should  be  noted  is  that  (c,  —  b,  a)  <s>  (a,  b,  c), 
the  substitution  which  converts  one  of  these  forms  into  the  other 
0,  r 


being  (_  ^ 


An  ambiguous  form  is  one  for  which  the  double  of  the  middle 
coefficient  is  divisible  by  the  first ;  that  is,  (a,  b,  c)  is  ambiguous  if 
2b  =  0  (mod  a).    An  ambiguous  form  is  properly  equivalent  to  its 

opposite ;  for  if  26  =  —  /3a,  the  substitution  converts  (a,  b,  c) 

into  (a,  —  b}  c).  In  particular,  the  principal  form  (1,  0,  —  D)  is 
ambiguous,  and  is  also  its  own  opposite ;  as,  in  fact,  are  all  forms 
with  a  zero  middle  coefficient. 
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Reduction  of  Definite  Forms. 

63.    Consider  a  definite  form  (a,  b,  a)  of  determinant 
D  =  b2-aa'  =  -A, 
a  negative  integer;  and  for  simplicity,  suppose  that  a,  a  are 

positive.    By  the  substitution  ^_  ^'  ^  it  is  transformed  into  the 

adjacent  form  (a\  b\  a"),  where 

b'  =  —  b  —  a'8 
a"  =  a  +  &  (b  —  b'). 

Now  let  8  be  chosen  so  that  2\b'\  ^  a':  this  can  always  be  done, 
and  in  general  in  one  way  only ;  namely  V  is  the  absolutely  least 
residue  of  —  b  (mod  a'),  and  &  is  determined  by  8  =  —  (b  +  b')/a. 
The  only  exceptional  case  is  when  b  =  \d  (mod  a),  j!  being  even ; 
here  we  may  take  b'  =  +  \a!  or  —  \d  (cf.  Art.  9).  If  a"  <  a,  we 
can  transform  (a,  b',  a")  in  the  same  way  into  (a",  b",  a'"),  where 
2 1 6" |  <  a";  and  if  a'"  <  a",  the  process  may  be  repeated.  We  must 
at  last  arrive  at  a  form  (A,  B,  C)  for  which  2\B\^A,  and  C  ^  A: 
because  the  series  of  continually  diminishing  positive  integers 
a',  a",  a'"...  cannot  go  on  indefinitely. 

A  positive  form  (A,  B,  C)  of  this  kind,  for  which 
CmA^2\B\, 

is  called  a  reduced  form. 

It  follows  from  what  has  been  previously  proved  that  a  reduced 
form  equivalent  to  any  given  positive  form  can  always  be  found. 
The  process  of  reduction  leads  to  a  set  of  successive  substitutions 

(  1 '  s)  '  (  l  '  8')  '  e^C"'  anC^  *°  a  corresPon(^mS  se*  °f  f°rms>  eacn 
of  which  is  adjacent  to  the  next  following.  The  first  form  of  the 
set  is  the  given  form,  and  the  last  is  reduced ;  so  that  by  com- 
pounding the  successive  substitutions,  we  obtain  a  substitution  by 
which  the  given  form  is  converted  into  a  reduced  form. 

As  an  illustration,  let  the  form  be  (10,  17,  29) ;  then  the  series 
of  equivalent  forms  deduced  from  it  is 

(10,  17,  29),  (29,  12,  5),  (5,  -  2,  1),  (1,  0,  1), 
of  which  the  last  is  reduced.    The  successive  substitutions  are 

^  _     ,       j '  _  2)  >  (_  1'  2)  ;  and  ^  comPounding  these  we 
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obtain 


means  of  which  (10,  17,  29)  is  transformed 


into  (1,  0,  1). 


Or,  again,  let  the  form  be  (29,  51,  90) :  then  the  series  of  forms 

is 

(29,  51,  90),  (90,  39,  17),  (17,  -  5,  2),  (2,  ±  1,  5), 
where  the  forms  (2,  1,  5)  and  (2,-1,  5)  are  both  reduced. 

If  (ol9  ft>2  are  the  roots  of  Aw2  +  2Bay  +  G  =  0,  the  conditions 
that  ( A,  B,  G)  may  be  a  reduced  form  are  equivalent  to  \&>x  +  <»2|  ^  1, 
lo^o^l^l.  Observe  that  since  co1}  <o2  are  conjugate  complex 
quantities,  \coi  \  =  |<o2|,  so  thai  the  second  condition  maybe  replaced 
by  I©! | Si.    The  significance  of  this  will  be  seen  later  on. 

64.  For  a  given  negative  determinant,  the  number  of  reduced 
forms  is  finite. 

Let  (A,  B,  G)  be  a  reduced  positive  form  for  the  determinant 
D  =  —  A ;  then  A  =  AG  —  B2.  The  conditions  of  reduction  being 
2\B\^A,  and  G^A,  we  have  iCgi2,  and  B2  ^  \A2 ;  hence 
A  =  AC  -  B2^%A\  or  A  ^VfA.  Hence  also  \B\  ^  VjA,  and 
^1 0  =  A  +  B2  ^  | A,  so  that  O  ^  f  A.  The  values  of  A ,  B,  G  being 
all  limited,  it  follows  that  the  number  of  reduced  positive  forms  is 
finite. 

From  each  positive  reduced  form  {A,  B,  C)  we  obtain  a  cor- 
responding negative  reduced  form  (—  A,  B,  —  C)  by  changing  the 
sign  of  the  extreme  coefficients. 

In  order  to  construct  a  complete  set  of  reduced  forms  for  the 
determinant  —  A,  we  take  B  =  0,  ±  1,  ±  2, ...  +X,  where  \  is  the 
greatest  integer  contained  in  V^A  ;  then,  attributing  to  B  any  one 
of  these  values,  we  break  up  A  +  B2  in  all  possible  ways  into  the 
product  of  two  integral  factors  A,  G:  finally,  we  reject  those  com- 
binations for  which  the  conditions  |(7|^|il|a2|J|  are  not  satis- 
fied.   The  remaining  sets  (A,  B,  G)  give  reduced  forms. 


Example  1.  Suppose  A  =  40.  Here  V40/3  is  between  3  and 
4,  so  that  X  =  3,  and  the  calculation  is  as  follows  : — 


B  =  0 
±  1 
±2 
±3 


AG  =1.40,  2.20,  4.10,  5.8, 


1 . 41* 

1.44*  2.22*  4.11, 
1.49*  7.7. 
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The  decompositions  marked  with  an  asterisk  have  to  be  re- 
jected :  so  that  the  positive  reduced  forms  are 

(1,  0,  40),  (2,  0,  20),  (4,  0,  10),  (5,  0,  8), 
(4,  ±  2,  11),  (7,  ±  3,  7) ; 

eight  in  all. 

It  is  to  be  observed  that  this  process  gives  the  derived  as  well 
as  the  primitive  forms ;  thus,  in  the  above  example,  (2,  0,  20)  and 
(4,  0,  10)  are  derived  forms. 

Example  2.  A  =  39,       \  =  3, 

B  =  0       ^40=1.39,  3.13, 

±1  1 .  40*,  2 .  20,  4.10,  5  .  8, 

±2  1 . 43*, 

±3  1 .  48*,  2 .  24*,  3 . 16*  4 . 12*,  6 . 8. 

The  reduced  positive  forms  are : 

(i)  properly  primitive,  (1,  0,  39),  (3,  0,  13),  (5,  ±  1,  8) : 

(ii)  improperly  primitive,  (2,  ±  1,  20),  (4,  ±  1,  10),  (6,  ±  3,  8). 

65.  We  have  now  to  inquire  whether  two  positive  reduced 
forms  (a,  b,  c),  (a',  b',  c')  of  the  determinant  —  A  can  be  properly 

equivalent.   Suppose  that  the  substitution  converts  (a,  b,  c) 

into  (a',     c').  Then 

aa'  =  a  (aa2  +  2bay  +  C72)  =  (act  +  by)2  +  A72  ^  Ay2, 
Now  aa'  ^  f  A,  and  7  is  an  integer  :  therefore  72  =  0  or  1. 

Similarly,  by  considering  the  inverse  substitution 

which  converts  (a',  b\  c')  into  (a,  b,  c),  we  conclude  that  yS2  =  0 
or  1. 

If/3  =  7  =  0,  a  =  8  =  +  1  and  the  forms  are  identical. 

Next  suppose  7  =  0,  /3  =  ±  1 ;  then 

a  =  &  =  ±  1,  a'  =  a,  b'  =  b  ±  a. 

The  conditions  of  reduction  2\b\^a,  2|6'|^a',  cannot  both  be 
satisfied  unless  6  =  +  £<x,  b'  =  +  £«•  The  forms  (a,  |a,  c),  (a,  —  \a,  c) 
are  in  fact  equivalent,  the  first  being  converted  into  the  second  by 

the  substitution  ^  . 
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Suppose  7=±1,  ft  =  0.  This  is  merely  the  inverse  of  the 
preceding,  and  leads  to  the  same  result. 

Next,  let  7=  +  1,  ft  =  +  1 ;  then  aS  =  0.    If  a  =  0, 

a'  =  c, 

6'  =  -  b  ±  c$, 

c'  =  a  +  268  +  c82. 

The  conditions  2|6|^a,  2|6'|^a'  cannot  both  be  satisfied, 
except  in  the  two  following  cases : — 

(i)  8  =  0.  The  forms  in  this  case  are  (a,  6,  a),  (a,  —  b,  a)} 
which  are  obviously  equivalent,  the  transforming  substitution 

bein«(-i',o)- 

(ii)  8  =  ±  1.    Here  2 1 6'  |  >  c,  except  when  c  =  a,  and 

V  =  -  b  =  ±  \a. 

The  forms  are  {a,  \a,  a)  and  (a,  —  \a,  a),  of  which  the  first 
may  be  converted  into  the  second  by  the  transformations 

and  (_J  J). 

The  case  where  ft  =  +  1,  7  =  0  leads  to  the  same  result. 

Finally,  let  ft  =  7  =  ±  1 ;  then  «8  =  2,  so  that  either  a  =  ±  2, 
8=±1,  or  a  =  ±l,  8=  ±2. 

Suppose  a  =  2,  8  =  1.  Then  by  the  equations  of  transformation, 

a'  =  4a  +  46  +  c, 

c=  a  ±  26  +  c ; 

therefore  a'  —  c'  =  3a  ±  26, 

which  is  positive ;  hence  a'  >  c',  and  the  form  (a',  b',  c')  cannot  be 
reduced. 

The  other  cases  may  be  treated  in  the  same  way:  and  the 
conclusion  is  that 

the  only  possible  pairs  of  equivalent  reduced  forms  are  (a,  \a,  c), 
(a,  —  \a,  c)  and  (a,  6,  a),  (a,  —  6,  a) ;  with  (a,  £a,  a),  (a,  —  \a,  a) 
belonging,  as  it  were,  to  both  cases. 

66.  From  every  such  pair  of  equivalent  reduced  forms  we 
reject  that  form  of  which  the  middle  coefficient  is  negative.  The 
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remaining  forms  are  all  non-equivalent,  and  may  be  taken  as 
representatives  of  the  different  classes  for  the  given  determinant. 

Thus,  for  instance,  when  A  =  39,  we  reject  one  of  each  of  the 
pairs  (2,  ±  1,  20)  and  (6,  ±  3,  8) :  there  remain  eight  representative 
forms,  four  properly  primitive, 

(1,0,39),  (3,0,13),  (5,1,8),  (5,-1,8), 

and  four  improperly  primitive, 

(2,1,20),  (6,3,8),  (4,1,10),  (4,-1,10). 

Similarly  when  A  =  40  the  equivalent  pairs  are  (4,  +  2,  11) 
and  (7,  +3,  7),  and  we  may  take  as  representative  forms 

(1,0,40),  (5,0,8),  (4,2,11),  (7,3,7); 

(2,  0,  20),  (4,  0,  10). 

In  order  to  discover  whether  two  given  definite  forms  are 
equivalent,  we  find,  by  the  process  of  Art.  63,  a  reduced  form 
equivalent  to  each.  The  necessary  and  sufficient  condition  for 
the  equivalence  of  the  proposed  forms  is  that  these  reduced 
forms  should  either  be  identical,  or  form  one  of  the  special 
pairs  of  equivalent  reduced  forms. 


Reduction  of  Indefinite  Forms. 

67.  When  the  form  (a,  b,  c)  is  indefinite,  the  roots  of  the 
equation  aco2  +  2bay  +  c  =  0  are  both  real.  The  process  of  reduction 
is  quite  different  from  that  employed  for  definite  forms,  and  is 
closely  connected  with  the  expansion  of  a  root  of  the  equation 
in  the  form  of  a  periodic  chain-fraction. 

As  a  first  step,  we  observe  that  for  a  given  positive  determinant 
D  there  is  only  a  limited  number  of  forms  (a,  b,  c)  in  which  a,  c 
have  opposite  signs.  TTor  if  (±a,  b,  +  c)  be  such  a  form, 
62  +  ac  =  D,  and  hence  |  b  \  <  \/D :  also  ox  =  D  —  ¥  ^  D,  so  that 
neither  \a\  nor  |c|  can  exceed  D. 

Again,  it  is  sufficient  to  consider  those  forms  for  which  b  is 
positive,  since  the  form  (a,  —  b,  c)  co  (c,  6,  a),  being  transformed 

into  it  by(_J  J). 

We  might  consider  all  forms  to  be  reduced  for  which  6  is 
positive  and  a,  c  have  opposite  signs.    It  is  more  convenient, 


74 


BINARY  QUADRATIC  FORMS. 


however,  to  adopt  Gauss's  definition  of  a  reduced  form,  which 
is  as  follows: — 

An  indefinite  form  {A,  B,  C),  of  determinant  D,  is  reduced  if 
B  is  positive  (not  zero)  and  less  than  \]D,  and  moreover 

s]D-B<\A\ <JD  +  B. 

The  following  consequences  of  the  definition  should  be  noticed. 

I.  Since  B  <  B2-  D  =  AG  is  negative,  so  that  A,  G  are 
of  opposite  signs. 

II  We  have  (<JD  -  B)  (sJD  +  B)  =  -  AC  =  \  A  | \G  | ;  and  it 
follows  from  this  and  the  conditions  of  inequality  satisfied  by 
\A\  that  s]D  +  B>\C\>^/D-B:  that  is,  \A\,  \G\  satisfy  the 
same  conditions  of  inequality. 

III.  The  roots  of  Aco2  +  2Ba)  +  (7=0  are 

-B  +  ^/D 
=  ,  a  proper  traction,  and 

-B-sJD  . 
ft>2  =   ,  an  improper  traction ; 

moreover  a)1(o2  =  C/A,  which  is  negative,  so  that  (o1}  o>2  differ  in 
sign. 

Conversely,  if  w,,  co2  are  of  opposite  signs,  and  |  a>x|  <  1,  |  &>2|  >  1, 
the  form  is  reduced;  for  these  conditions  require  that  —B  +  *JD 
and  —B  —  \/D  should  have  opposite  signs,  and  that  —B  —  *JD 
should  be  the  greater  numerically;  hence  B  is  positive  and  less 
than  *JD.  Also  since  |  g)x|  <  1,  *JD  —  B<\A\,  and  since  |  o>2 1  >  1, 
JD+B>\A\. 

IV.  Since  |  A  |  <  s/D  +  B,  and  B  <  s/D,  it  follows  that 

\A\<2^D; 

and  similarly  |  G  \  <  2aJB. 

68.  It  is  easy  to  construct  a  complete  system  of  reduced 
forms  for  any  given  determinant.  To  do  so,  we  assign  to  B  all 
positive  integral  values  (zero  excluded)  which  are  less  than  \/D: 
taking  any  value,  say  B,  we  break  up  D  —  B2  in  all  possible  ways 
into  the  product  of  two  positive  factors  A,  G,  and  reject  those 
combinations  for  which  the  condition  that  A,  G  shall  each  fall 
within  the  limits  \JD  —  B  and  \JD-\-B  is  not  satisfied.  Each 
remaining  combination  gives,  in  general,  four   reduced  forms 
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(A,B,-  G),  (-  A,  B,  G),  (G,  B,  -  A),  (-  G,  B,  A) ;  there  are,  of 
course,  only  two  if  G  =  A. 

Thus  if  D  =  13,  the  work  will  be  as  follows : — 

B  =  l  AG  =1.12*  2.6*  3.4, 

2  1 .  9*  3  .  3, 

3  1.4,2.2. 

Since  \/D  lies  between  3  and  4,  the  combinations  marked  with 
an  asterisk  have  to  be  rejected :  the  complete  system  of  reduced 
forms  is  therefore 

(±3,  1,  +4),    (±4,  1,  +3),    (+3,  2,  +3), 
(+  1,  3,  +  4),    (+  4,  3,  +  1),    (±  2,  3,  +  2)  ; 
twelve  in  all. 

69.  A  reduced  form  can  always  be  found  which  is  equivalent 
to  amy  proposed  form. 

This  will  be  proved  by  showing  that  every  form  (a,  b,  a')  is 
equivalent  to  a  form  (A,  B,  G)  for  which 

Vi)  -  |  A  |  <  B  <  s/D, 

\a\*\A\. 

A  form  which  satisfies  these  conditions  of  inequality  is  reduced, 
according  to  definition.    For  since  *JD  —  B<  \A\,  and 

\D-»\~\A\\C\, 

it  follows  that 

\<s/D+B\>\C\>\A\>a/D-B. 

Hence  B  is  positive  and  <  \/D,  and  moreover 

sfD  +  B>\A\>  s/D-B: 

that  is,  {A,  B,  G)  is  reduced. 

Let  8,  V  be  chosen  so  that 

b  +  V  =  -  8a', 

s/D-\a!\<V  <*JD. 

This  can  be  done  in  one  way,  and  one  only :  for  if  X  be  the 
greatest  integer  in  *JD  there  is  one  and  only  one  integer  b'  in  the 
interval  (X,  + 1  —  |  a\ ,  \)  which  is  congruent  to  —6  (mod  a').  Choosing 

this,  and  putting  —  (b  +  b')/a'  =  8,  the  substitution  ^   ^  ^  changes 

(a,  b,  a)  into  the  adjacent  form  (a,  b',  a"),  with  \/D  —  \a\  <b'  <  ^/B. 
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If  |a'|>|a"|,  the  process  can  be  repeated;  and  it  follows,  as  in 
Art.  63,  that  after  a  finite  number  of  operations  we  must  arrive  at 
a  form  (A,  B,  G)  for  which  all  the  inequalities  are  satisfied. 

For  example,  let  the  form  be  (76,  29,  11).  Here  D  =  5,  \  =  2, 
and  the  process  of  reduction  leads  to  the  series  of  forms 

(76,29,11),    (11,-7,4),    (4,-1,-1),  (-1,1,4), 

of  which  the  last  is  reduced. 


The  reducing  substitutions  are 

0,  1\       /    0,  1\       /   0,  1 

1,  -2;'     \-l,  2/'     V-l,  0 


and  by  compounding  these  we  obtain  ^  g'  2) '  means  of 
which  (76,  29,  11)  is  converted  into  (-1,  1,  4). 

70.  The  next  thing  to  be  done  is  to  find  out  which  of  the 
reduced  forms  are  equivalent.  To  this  end,  we  require  the 
following  proposition : — 

If  (a,  b,  a)  is  a  reduced  form,  there  exists  one,  and  only  one 
adjacent  reduced  form  (a,  b',  a")  which  is  equivalent  to  it,  and  has 
its  first  coefficient  equal  to  a'. 

Suppose,  in  the  first  place,  that  a  is  positive :  and  let  us  write 
—  a'  instead  of  a',  since  the  third  coefficient  must  be  negative 
(Art.  67).    Let  8,  b'  be  chosen  so  that 

b  +  b'  =  8ar, 
s/D-a' <V  <s/D. 

This  can  be  done  in  one  way  only :  and  moreover  the  value  of  V 
thus  obtained  will  be  positive.  For  if  V  were  negative  we  should 
have  \/D  <  a',  and  hence  b  <  a'  and  positive :  the  algebraically 
greatest  negative  value  of  b'  is  therefore  —b  (corresponding  to 
8  =  0).    But  since  (a,  6,  —  a')  is  reduced, 

JD-b<a'<Js/D  +  b, 

and  therefore  —  b  <  *JD  —  a  ;  that  is,  the  algebraically  greatest 
possible  negative  value  of  V  is  less  than  *JD  —  a,  contrary  to  the 
conditions  of  inequality  by  which  b'  is  determined. 

Since  b'  is  positive,  8  is  positive  and  not  zero ;  hence 

VD+  6'  =  y/D-b  +  8a>  a', 
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and  therefore  the  substitution  y   i*  gj  converts  (a,  b,  —  a')  into  a 

form  (af,  b',  a")  which  is  reduced. 

In  a  similar  way,  from  a  reduced  form  (—  a,  b,  a')  of  which  the 
first  coefficient  is  negative,  we  may  derive  an  adjacent  reduced 
form  (a',  b\  —  a").    Namely,  if  we  determine  6\  V  by 

b  +  b'  =  -8a', 
s/D-a!<V<*JD, 
it  can  be  proved  as  before  that  b'  is  positive ;  hence  h  is  negative 
and  not  zero,  and  therefore  \/D  +  b'  —  \/D  —  b-Sa>  a\  so  that  the 

substitution  converts  (—a,  b,  a)  into  a  reduced  form 

(a',  V,  -a"). 

71.  Starting,  now,  with  any  reduced  form  (a,  b,  a'),  we 
deduce  in  this  way  a  series  of  reduced  forms  (a',  b\  a"),  (a",  b",  a'") 
etc.,  each  of  which  is  equivalent  to  the  one  before  it.  The  total 
number  of  reduced  forms  being  finite,  we  must  at  last  arrive  at  a 
form  identical  with  (a,  b,  a').  In  this  way  we  obtain  a  cycle  or 
period  of  reduced  forms 

(a,  b,  a),  (a,  b\  a") . ..  (a^,  b^,  a). 

If  these  forms  are  supposed  to  be  arranged  in  a  ring,  each  form 
will  be  connected  with  two  adjacent  forms,  one  following,  and  one 
preceding  it ;  thus  (a,  b,  a')  is  followed  by  (a',  b\  a")  and  preceded 
by  O^"1',  6(n"1),  a). 

The  number  of  forms  in  a  period  is  necessarily  even,  because 
the  final  coefficients  a',  a",  a'" . . .  are  alternately  positive  and 
negative,  and  the  last  of  these,  namely  a(n)  =  a,  has  a  sign  opposite 
to  that  of  a'. 

After  completing  one  period,  we  may  take  any  one  of  the 
reduced  forms  which  are  left,  and  form  its  period;  and  so  on. 
Finally,  all  the  reduced  forms  will  be  arranged  in  a  finite  number 
of  periods,  each  containing  an  even  number  of  forms. 

Thus  for  D=  13  the  periods  are 

I.  (  1,  3,  -  4),  (- 4,  1,  3),  (  3,2,-3), 
(-3,1,  4),(  4, 3,-1),  (-1,3,  4), 
(  4,  1,-3),  (-3,  2,  3),(  3,1,-4), 
(-4,3,  1). 

II.  (2,  3, -2),  (-2  3,2). 
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72.  Each  form  of  a  period,  such  as  (+  a,  b,  +  a'),  is  transformed 
into  the  next  following,  (+  a',  V,  ±  a"),  by  means  of  a  substitution 

^_  J      .    If  &),  &)'  are  two  corresponding  roots  of  the  forms, 

1 


8- 


CO 


Suppose,  in  particular,  that  co  is  the  principal  root  of  its  form : 
that  is,  let  co  =  &)j  =  — 5  then  when  the  upper  sign  is  taken 
for  +  a,  8  is  positive,  co  is  a  positive  proper  fraction,  and 

1  1 


8 -co'    $  +  |»'|' 

since  &)  =  ; — ,  which  is  negative. 

—  (i 

If  we  take  the  lower  sign  for  ±a,  co  is  a  negative  proper 
fraction,  8  is  negative,  and  we  have 

i 

~i«i+i»v 

since  to'  is  positive. 

In  every  case,  therefore, 


si+i»#r 

Similarly,  if  (  ^  is  the  substitution  which  converts 
(+  a',  b',  ±  a")  into  the  next  form  of  the  period, 

and  so  on. 

Hence,  if       <£2...#2m  are  the  forms  of  a  period,  ^    /  g  ) 

the  substitution  which  converts  cf>k  into  cf>k+1,  \8k\  =  dk)  ^  the 
principal  root  of  <£1(  the  absolute  value  of  may  be  expanded  as 
a  pure  recurring  chain-fraction  in  the  form 

i  ill  JL 
*  * 

In  the  same  way,  if  cok  is  the  principal  root  of  cf>k, 

I     1  =  1    —  — 
l<0kl    dk  +  dk+1  +  ...+dk..1  +  .... 
*  * 
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For  example,  let  ^  =  (1,  3,  —4);  then  the  corresponding 
period  contains  ten  forms  (cf.  Art.  68).    The  values  of  8%  are 

1,-1,  1,-1,6,-1,  1,-1,1,-6; 

and  hence 

11111 
o)1  =  V13-3  =  1  +  1+1  +  1  +  6  + 

*  * 

Here  it  will  be  observed  that  the  period  of  ten  forms  gives 

rise  to  a  recurring  fraction  with  only  five  partial  quotients  in  its 

period.    The  reason  for  this  will  appear  later  on. 

73.  It  is  now  evident  that  the  reduction  of  an  indefinite  form 
is  precisely  equivalent  to  the  expansion  of  its  principal  root  in  the 
form  of  a  recurrent  fraction ;  in  particular,  we  have  found  the 
necessary  and  sufficient  conditions  that  a  root  of  a  quadratic 
equation  should  be  expressible  as  a  pure  recurring  fraction. 
Another  curious  point  is  that  in  the  expansion  of  expressions  such 
as  (b  +  \fD)ja  only  a  limited  number  of  distinct  periods  of  partial 
quotients  can  occur;  thus  for  D  =  13  there  are  only  two,  namely 
(1,  1,  1,  1,  6)  and  (3).  Here  periods  derived  by  cyclical  permuta- 
tion, such  as  (1,  6,  1,  1,  1),  are  not  considered  to  be  distinct. 

74.  If  {a,  b,  —  a)  is  a  reduced  form,  so  also  is  (—  a',  b,  a). 
These  may  be  called  associated  forms.  Two  associated  forms 
may  occur  either  in  different  periods,  or  in  the  same  period. 
In  the  first  case,  it  is  easily  seen  that  each  form  of  one  period 
is  associated  with  a  corresponding  form  of  the  other;  and  the 
periods  may  be  called  associated.  Suppose,  on  the  other  hand, 
that  the  forms  occur  in  the  same  period.  Then  if  {—a,  b',  a") 
is  the  form  of  the  period  next  after  (a,  b,  —a'),  its  associate 
(a",  b',  —  a')  is  the  form  next  before  (—  a',  b,  a) ;  and  similarly, 
if  (-a\  V,  a")  is  followed  by  {a",  b",  -a'"),  (-a'",  b",  a")  will 
precede  {a",  b',  —a)  Proceeding  in  this  way,  forwards  from 
{a,  b,  —a')  and  backwards  from  (—a',  b,  a),  we  come  eventually 
to  a  pair  of  associated  forms  (A,  B,  —  A'),  (—A',  B,  A)  which 
are  consecutive  forms  in  the  period.  Since  these  are  .adjacent, 
B  +  B  =  0  (mod  A'),  that  is,  25  =  0  (mod  A');  (-A',  B,  A)  is 
therefore  an  ambiguous  form  (cf.  Art.  62).  In  the  same  manner, 
by  going  forwards  from  (—  a',  b,  a)  and  backwards  from  (a,  b,  —  a), 
we  arrive  at  a  pair  of  associated  forms  which  are  adjacent ;  one 
of  these  is  therefore  ambiguous.  Thus  every  period  which  is  its 
own  associate  contains  two  ambiguous  forms ;  and  conversely,  if  a 
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period  contains  one  ambiguous  form,  it  must  be  its  own  associate, 
and  will  contain  a  second  ambiguous  form.  There  cannot  be  more 
than  two  ambiguous  forms  in  a  period ;  for  by  proceeding  forwards 
and  backwards  from  an  ambiguous  form  (A,  B,  —  A')  and  its 
predecessor  (—  A',  B,  A),  we  obtain  continually  new  pairs  of 
associated  forms  (a,  6,  —a'),  {—a',  b,  a),  and  if  either  of  these 
is  ambiguous,  it  is  adjacent  to  the  other,  and  the  period  is 
completed. 

75.  If  (A,  B,  —  A')  is  a  reduced  form,  so  also  is  (—A,  B,  A'). 
The  principal  roots  of  these  forms  are  equal  and  opposite ;  hence 
the  recurrent  expansions  of  their  absolute  values  coincide.  It 
may  happen  that  (A,  B,  -  A')  and  (—A,  By  A')  belong  to  the 
same  period-,  suppose  that  this  is  the  case,  and  that  the  period 
contains  2m  forms.  Then  if,  with  the  notation  of  Art.  72,  we  put 
(A,  B,  —  A')  =  <j>x,  it  is  easily  seen  that  (—  A,  B,  A')  =  <f>m+u  and 
that  Sm+1  =  -  Si ,  &m+2  =  —  &2 ,  •  •  •      =  —  &m  ■  Consequently 

dm+\  =  di,  dm+2  =  d2). .  -d2m  =  dm  ] 
and  the  series  of  recurring  partial  quotients  in  the  expansion  of 
the  principal  root  of  (A,  B,  —  A')  contains  only  half  as  many 
terms  as  there  are  forms  in  the  period. 

An  example  has  already  been  given  above  (Art.  72)  for  D  =  13. 

Here  the  forms  (1,  3,  —4)  and  (—1,  3,  4)  belong  to  the  same 

period  of  ten  forms;  and  the  periodic  expansion  of  the  absolute 

*  * 

value  of  the  principal  root  of  either  is  (0  ;  1,  1,  1,  1,  6). 

All  the  forms  of  a  period  of  this  kind  may  be  arranged  in 
pairs  such  as  (a,  b,  —a),  (—a,  b,  a),  with  equal  and  opposite 
principal  roots. 

If  the  forms  (a,  b,  —  a'),  (—  a,  b,  a')  are  equivalent,  and  ^ 

is  a  substitution  transforming  (a,  b,  —  a')  into  (—  a,  b,  a'),  then,  &> 
being  the  principal  root  of  the  first  form, 

^  =  «(-6))  +  /3 

7  (-  to)  +  8 ' 
or  7a>2  -  (a  +  8)  a  +  /3  =  0. 

Comparing  this  with  aw2  +  26&>  —  a'  =  0,  and  proceeding  exactly 
as  in  Art.  83  below,  we  have 

a  =  (t  —  bu)l(r,    y  =  au/<r, 

@  =  -  a'u/a,       8  =  -(t  +  bu)l<r, 
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where  <r  =  dv  (a,  2b,  c),  and  (t,  u)  is  an  integral  solution  of 
t2-Du?  =  -<r\ 

Conversely,  if  this  equation  admits  of  integral  solutions,  the 
forms  of  any  period  for  the  determinant  D  and  divisor  a  may  be 
arranged  in  pairs  (a,  b,  —a'),  {—a,  b,  a').  If  the  equation  is 
solvable  for  o-  =  1,  it  is  so  for  <r  =  2 ;  in  this  case,  both  the 
properly  and  the  improperly  primitive  periods  have  the  special 
character  in  question.  If  the  equation  has  integral  solutions 
only  for  <r  =  2,  the  property  will  belong  only  to  the  improperly 
primitive  periods. 

76.  In  order  to  complete  the  theory,  it  has  to  be  shown  that 
two  equivalent  reduced  forms  must  belong  to  the  same  period. 
This  is  the  most  difficult  part  of  the  whole  investigation,  and 
requires  the  proof  of  some  auxiliary  propositions. 

The  notation  (fi0;  fi2,...)  will  be  used  to  express  the 
continued  fraction 

1  1 

^oH —    —  . 

and  in  the  case  of  a  recurrent  fraction,  the  period  will  be  indicated 
by  asterisks :  thus 

(1;  2,3,4)  means  1  +  1  +  |  +  1  + 

*  11 

and  (0;  3)  means  £+g  + 

A  continued  fraction  (with  a  finite  or  infinite  number  of 
partial  quotients)  is  said  to  be  regular,  when  it  is  of  the  form 
(±/*o>  fh,  fa,  fa"-),  where  all  the  quantities  fily  /jl3...  are 
positive  and  not  zero.    When  this  is  not  the  case,  it  is  irregular. 

77.  If  a  continued  fraction  contains  only  a  limited  number 
of  negative  or  zero  'partial  quotients,  then  it  is  possible,  by  a  finite 
number  of  operations,  to  convert  it  into  a  regular  continued  fraction. 

Let  fj,r  be  the  last  partial  quotient  which  is  not  positive. 
There  are  the  following  cases  to  consider. 
I.  ^  =  0. 

We  have  identically 

a+  1——  =  (a  +  b)  +  l; 

0+—l 
b  +  - 
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hence  without  altering  the  value  of  the  continued  fraction  we  may 
replace  the  four  partial  quotients 

leaving  all  the  rest  as  before. 

II.  fi,r=  —  n,  and  n  >  1. 

We  have  identically 

1  x 
a  H  r  —  a  — 


,  rl  bx-l 
-  o  + 


X 


a-1  + 


bx-l 
1 


1  + 

a  -1  +  


(b-l)x-l 
1 


1  + 


=  a  - 1  + 


(6-2)  +  ^i 

1 


1  + 


(6-2)  + 


1+  1 


(•-1) 
Hence  we  may  replace 

flr-u     -71,  flr+1 

by  1,    n-2,    1,   fir+1  - 1. 

Of  these  only  the  first  can  be  negative.  If  either  w-2  or 
pr+l  —  1  is  zero,  we  can  apply  the  reduction  of  the  previous  case. 

III.  flr  =  ~l. 

We  have  identically 

,      1  x 
a  H  T  =  a  — 


a; 

=  a-2  +  T 

#  — 1 

1 


=  a-2  + 


i+  1 


a;  -  2 
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Therefore  /V-i>    —  1,  Pr+i 

may  be  replaced  by 

^r_2  -2,    1,    fir+1  -  2. 

If  /xr+1  =  2,  the  first  reduction  may  be  applied.  If  fir+1  =  1,  the 
preceding  process  fails :  but  we  have 

a  +  *  ,+  (>±j)£±l,g.t-,  +  ^ 

_1  + 

1  +  — 
6  +  - 


=a-6-2+ 


i+  1 


so  that  we  may  replace 

Pr-if  I  j     /*r+2>  A*t+3 

by  - /Ar+2  -  2,    1,  /ur+3-l. 

If  /*r+3  —  1  is  zero,  the  first  reduction  can  be  made. 

It  will  be  seen  that  in  every  case  the  last  irregularity  is 
brought  at  least  one  place  nearer  to  the  beginning  of  the  fraction. 
It  is  therefore  possible,  by  repeated  reductions,  to  bring  it  to  the 
first  place,  and  the  fraction  has  then  become  regular. 

Moreover  each  reduction  either  leaves  the  total  number  of 
partial  quotients  unaltered,  or  else  increases  or  diminishes  them 
by  two.  If  the  process  be  applied  to  an  infinite  continued  fraction 
(that  is,  one  with  an  infinite  number  of  partial  quotients),  only  a 
limited  number  of  partial  quotients  will  be  affected,  and  those 
which  remain  unaltered  will  occupy  odd  or  even  places  in  the 
regular  expansion  according  as  their  places  were  odd  or  even 
originally. 

78.  Another  lemma  which  will  be  required  is  the  following : — 
If  the  quantities  oc,  y  are  connected  by  the  relation 

where  a,  ft  7,  8  are  integers  such  that  a8  —  fty  =  1,  it  is  always 
possible  to  express  y  in  the  form 

2/ =  (+/*;  fh,  P*>- ••/%•,  ±v,  ®)> 
where      /i2>  •  •  •  /*»  are  all  positive. 
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Let  +  fi  be  determined  so  that  P/8  +  ji  is  a  positive  proper 
fraction:  this  proper  fraction  may  be  expanded  into  an  ordinary 
continued  fraction  in  the  usual  way,  and  if  it  happens  that  the 
number  of  partial  quotients  is  odd,  the  last  of  them,  say, 
may  be  replaced  by  (fjb2r-i  —  1)  + 1/1,  and  then  we  may  write 
/*2r-i  for  /j,2r- 1  —  1,  and  put  fi2r  =  1.    Thus  in  all  cases 

f  =  (±  p\  P*>  P*>~-f*zr)- 

Suppose  that  ai/yx  is  the  convergent  immediately  preceding 
P/B ;  then 

ot1B-y1p  =  l  =  aB-ypf 
and  hence  a  =  eti  ±  vp, 

7  =  7i  i  v$> 

where  v  is  some  integer.    It  follows  from  this  that 
a/7  =  (±/*;  fa,  fh,...fhr,  ±v), 


and  that 


cuc  +  p 

V  =  yx  +  B  ~(±fl>  ^'  ^2,.-.^,  ±v,  x). 


Example  1.    Suppose       ^)  =  5)  * 

Here  -  6/5  =  -  2  +  4/5  =  (- 2  ;  1,4); 

«!  =  -!,  7x=l, 
«  =H  =  -l+(-2)(-  6), 
7=-9  =  l  +  (-2)(5), 


and  therefore 


/?/«  =  (- 1;  2,  1,  3,  4,  1,  i), 

a1  =  _37,       7i  =  58, 
a  =ai  +  67,    7  =71-105; 
therefore  1/  =  —  1,  and 

*  =  :r£w5  =  (-1;  2,1,3,4,1,1,-1,,). 

79.  We  are  now  able  to  prove  that  two  properly  equivalent 
reduced  forms  must  belong  to  the  same  period.    Let  the  reduced 
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forms  be  =  b,  -c)  and  <f>'  =  (a',  V,  -c):  we  may  suppose 
that  a,  a'  are  both  positive,  because  if,  for  instance,  a  were 
negative  we  could  take  instead  of  <j>  one  of  the  two  adjacent 
forms  of  the  same  period. 

Let  <y,  ft)'  be  the  principal  roots  of  <f>  and  <j>' ;  these  will  be 
positive  proper  fractions.  If  <j>'  co  <£,  there  will  be  a  proper  sub- 
stitution which  will  transform  ft  into  <j>,  and  therefore 

,  cfft)+/3 

By  the  lemma  just  proved,  we  can  express  &/  in  the  form 

#  * 

*  * 

if  (0;  di,  d2,...d2m)  is  the  recurrent  expansion  of  &). 

If  dy  ±  v  happens  to  be  negative,  the  expression  for  &/  can  be 
reduced  to  a  regular  expansion,  so  that  we  may  write  in  every 
case 

&/  =  (+//;  h,  h,  k,->), 
where  l1}  l2>  lS)...  are  all  positive. 

Now  a)'  is  a  positive  proper  fraction ;  therefore  p  =  0.  Again, 
&)'  can  be  expressed  in  one  way  only  as  a  pure  recurring  fraction ; 
hence  lx,  l2,  l3...  must  form  the  recurring  period  of  &)'.  But  in  the 
reduction  of  the  first  expression  for  cd'  into  a  regular  form,  only  a 
finite  number  of  partial  quotients  after  ±  v  are  affected.  Therefore 
the  series  (llf  l2,  only  differs  from  (dXi  d2)  d3...)  by  beginning 
at  a  different  place ;  in  other  words,  the  period  of  partial  quotients 
in  the  expansion  of  &>'  is  only  a  cyclical  permutation  of  the  period 
belonging  to  a),  and  moreover  a  permutation  equivalent  to  an  even 
number  of  transpositions  (cf.  Art.  77  above).  Therefore  the  forms 
(f>  and  <£'  belong  to  the  same  period. 

The  following  example  will  illustrate  this  theorem,  as  well  as 
the  reduction  of  irregular  continued  fractions. 

The  form  <£'  =  (6,  1,  -7)  is  transformed  into  <£  =  (9,  5,  -2)  by 
the  substitution  ^_  ^  ~~  ^  . 

Now  -5  =  (-2;l,3), 

j  ,  29ft)  —  5        /      r»      -.      n  n  \ 
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or,  since  co  =  (0 ;  5,  1,  3,  1,  1,  12), 

a>'  =  (-2;  1,  3,  -1,  1,  3,  1,  1,...) 
=  (-2;  1,  -2,  1,  0,  1,  12,...) 
=  (-2;  1,  -2,  2,  12,...) 
=  (-2;  0,  1,  0,  1,  1,  12,...) 
=  (-2;  0,  2,  1,  12,...) 

=  (0;  1,  12,  5,  1,  3,  1), 

the  period  of  which  is  derived  from  that  of  co  by  cyclical  permuta- 
tion, each  element  being  removed  four  places  backwards. 

80.  In  order  to  discover  whether  two  given  forms,  /,  /',  of 
the  same  determinant,  are  equivalent,  we  find,  by  the  process  of 
Art.  69,  two  reduced  forms  <p,  cf>'  equivalent  to  /,  f  respectively. 
The  necessary  and  sufficient  condition  for  the  equivalence  of  f  and 
/'  is  that  </>  and  </>'  should  belong  to  the  same  period  of  reduced 

forms.    Suppose  that  this  is  so,  and  that  ,  ,  ^ 

respectively  transform  /  into  cf>,  <f>  into  </>',  and  f  into  cj>\  Then 
the  substitution 


\y,  8  J  \v,  pi  \-y,  a 


will  transform  f  into  /'. 

Example.  D  =  43, 

/=(53,  72,  97),  /'  =  (-19>  47,  -114). 
We  have        (53,  72,  97)  o>(  97,  25,  6) 

co(   6,    5,  -3) 
co  (-  3,    4,     9)  =  (/> 
and  (-19,  47,  -  114)  co  (-  114,  67,  -39) 

co(-  39,  11,  -  2) 
co(-     2,    5,      9)  =  <£'. 

The  period  of  (-  3,  4,  9)  is 

(-3,  4,  9),    (9,  5,  -2\    (-2,  5,  9),  etc., 
hence  <j)  co  </>',  and  therefore  /co /'. 
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Again  /  is  transformed  into  <f>  by  the  substitution 
<f>  into  <J>'  by 

(.;;.!)(_:;;)-(-::  _a. 

/'  into  by 

Therefore  /  is  transformed  into  /'  by  the  substitution 

/   5,  -16W-1,     5\/7,  -15\  _/-26,  73\ 
V-4,     13 A   1,  -6Al,  -  2/     V  21,-59/' 

Simplest  Representative  Forms. 

81.  The  most  important  result  which  has  been  obtained  is 
that  both  for  definite  and  for  indefinite  forms  the  number  of 
classes  for  a  given  determinant  is  finite.  To  assign,  a  priori,  the 
number  of  classes,  without  constructing  a  system  of  reduced  forms, 
is  a  fundamental  problem  of  which  the  interest  is  equalled  by  its 
difficulty,  and  all  the  solutions  hitherto  obtained  depend  upon  the 
most  abstruse  analytical  methods.  An  account  of  these  investiga- 
tions will  be  given  later  on ;  meanwhile,  it  may  be  observed  that, 
from  this  point  of  view,  a  system  of  reduced  forms  is  merely  a 
finite  number  of  forms  such  that  every  form  of  the  determinant 
considered  is  properly  equivalent  to  at  least  one  of  them.  Con- 
sequently the  definition  of  a  reduced  form  is  to  a  certain  extent 
arbitrary ;  and  in  like  manner  with  regard  to  the  choice  of  a 
complete  system  of  representative  forms.  We  may,  in  fact,  take 
as  the  representative  of  a  class  any  form  which  is  contained  in  it ; 
however,  it  is  convenient  to  fix  upon  a  set  of  *  simplest  representa- 
tive forms,'  which  are  defined  as  follows. 

When  D  is  negative,  there  cannot  be  more  than  two  reduced 
forms  in  any  class.  When  there  is  only  one,  that  is  chosen  for  the 
representative ;  when  there  are  two,  in  which  case  they  are 
opposite,  that  one  is  taken  of  which  the  middle  coefficient  is 
positive  (cf.  Art.  66). 

When  D  is  positive,  the  period  of  reduced  forms  for  any  class 
will  contain  either  two  ambiguous  forms  or  none  (Art.  74).  In  the 
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former  case,  let  the  ambiguous  forms  be  (a,  b,  c),  (a ,  b',  c).  We 
can  find  two  other  forms  equivalent  to  these,  of  which  the  middle 
coefficients  shall  be  the  absolutely  least  residues  of  b,  b'  to  the 
moduli  a,  a  respectively.  If  in  one  only  of  these  new  forms  the 
middle  coefficient  be  zero,  that  form  is  chosen ;  if  neither  or  both 
of  the  middle  coefficients  be  zero,  that  form  is  taken  of  which  the 
first  coefficient  is  numerically  least.  If  the  first  coefficients  are 
numerically  equal  and  of  opposite  signs,  we  choose  the  form  of 
which  the  first  coefficient  is  positive.  When  the  period  contains 
no  ambiguous  form,  we  choose  that  form  (a,  b,  c)  of  which  the 
first  coefficient  has  the  least  numerical  value  (if  there  are  two  such 
coefficients,  only  differing  in  sign,  we  take  the  form  of  which  the 
first  coefficient  is  positive) ;  then,  as  before,  we  deduce  from  this 
the  form  (a,  b',  c),  where  b'  is  the  absolutely  least  residue  of  b 
(mod  a),  and  take  this  for  the  representative  form. 

Thus  for  D  =  58,  there  is  a  period  (2,  6,  -11),  (-11,  5,  3), 
(3,  7,  -3),  (-3,  5,  11),  (11,  6,  -2),  (-2,  6,  11),  etc.  The 
ambiguous  forms  are  (2,  6,  — 11)  and  (—  2,  6,  11),  from  the  former 
of  which  we  derive  the  representative  form  (2,  0,  —  29).  Or  again 
for  Z>=99  we  have  a  period  (5,  8,  -7),  (-7,  6,  9),  (9,  3,  -10), 
(— 10,  7,  5) ;  here  we  choose  (5,  8,  —  7)  and  deduce  from  it  the 
representative  form  (5,  —  2,  — 19). 

Automorphic  Substitutions. 

82.  Suppose  that  it  has  been  discovered,  by  the  methods 
already  explained,  that  two  forms  /  and  f  are  equivalent.  The 
process  by  which  the  equivalence  is  established  also  furnishes  a 
proper  substitution  by  which  /  is  transformed  into  /'.  The 
question  arises;  is  this  the  only  substitution  by  which  the 
transformation  can  be  effected  ?  and,  if  not,  how  can  we  find  all 
the  substitutions  which  transform  /  into  f  ? 

This  problem  may  be  at  once  reduced  to  that  of  finding  all  the 
substitutions  which  transform  /into  itself.  It  is  clear  that  if  R  is 
any  substitution  which  transforms  /  into  itself,  and  S  any  substitu- 
tion which  transforms  /  into  /',  then  the  substitution  RS  will  also 
transform  /  into  /'.  Moreover,  if  S1}  S2  are  any  two  different 
substitutions  which  transform  /  into  /',  the  substitution  SzSr1  will 
transform  /  into  itself.  Hence,  putting  S^-1  =  R,  we  have 
£2  =  RSY :  so  that  all  the  substitutions  which  convert  /  into  f 
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may  be  obtained  by  compounding  any  one  of  them,  such  as  8lf 
with  all  the  substitutions  which  leave  /unaltered. 

A  proper  substitution  R  which  transforms  /  into  itself  is  called 
an  automorphic  substitution  (relatively  to  f),  or  simply  an  automorph 
of/ 

83.  Let  f—  (a,  b,  c)  be  a  primitive  form  of  determinant  D, 
and  let  co  be  its  principal  root ;  then  if      ^  be  an  automorph, 

aco  +  /3 

or  7&>2  +  (8  -  a)  w  -  £  =  0. 

Comparing  this  with  aw2  +  2bco  +  c  =  0,  it  follows  that 
7  =  au/a, 
8  -  a  =  2bu/<T, 
/3  =  —  cu/cr, 

where  u  is  an  integer,  and  a  =dv  (a,  2b,  c) :  that  is,  a  —  1  or  2 
according  as  /  is  properly  or  improperly  primitive.  Since 

(8  +  a)  +  (8-a)=28, 

an  even  integer,  we  may  evidently  put  8  +  a  =  2£/<7,  where  £  is  an 
integer.  Thus 


(i), 


a  =  (t  —  bu)/a;       ft.  =  —  cuja-, 
7  =  au/a;  8  =  (t  +  bu)l<r 

and  substituting  in  a8  —  /?7  =  1,  we  obtain 

t2-Bu2  =  a2  (ii). 

Thus  all  the  automorphs  are  expressible  in  the  form 

given  by  (i),  where  t,  u  are  integers  which  satisfy  the  indeterminate 
equation  (ii). 

Conversely,  if  t,  a  are  any  integers  such  that  t2  —  Du2  =  <r2,  the 
values  of  a,  /3,  7,  8  given  by  (i)  will  all  be  integral,  and  will 

be  an  automorph.    It  may  easily  be  verified  that        ^  is  an 

algebraical  automorph ;  so  that  all  we  have  to  do  is  to  prove  that 
«,  A  7,  8  are  integers.  This  is  obvious  when  tr  =  1 ;  if  <r  =  2,  D  =  1 
(mod  4),  and  the  equation  t2  —  Du2  =  4  shows  that  t,  u  are  both  odd 
or  both  even.    Also  b  is  odd,  otherwise  /  would  not  be  primitive  ; 


90 


BINARY  QUADRATIC  FORMS. 


therefore  t  —  bu  and  t  +  bu  are  both  even,  and  consequently  a,  8  are 
integers.  Finally,  a,  c  are  both  even,  and  therefore  /3,  7  are 
integers. 

84.  The  equation  (ii),  although  originally  proposed  for  solution 
by  Fermat,  is  usually  known  as  the  Pellian  equation.  Its  character, 
from  our  present  standpoint,  is  essentially  different,  according  as 
D  is  positive  or  negative. 

First,  let  D  =  —  A,  a  negative  integer ;  then,  in  general,  the 
only  real  integral  solutions  of  t2  +  Aw2  =  a2  are  t  =  ±  a,  u  =  0. 

If  <r=  1,  A  =  1,  they  are  t  =  ±  1,  u  =  0,  and  t*=  0,  u  =  +  1. 

If  or  =  2,  A  =  3,  they  are  t  =  ±  2,  u  =  0,  and  £  =  ±  1,  w  =  ±  1. 

In  general,  therefore,  there  are  only  two  solutions;  the  only 
exceptional  cases  (for  primitive  forms)  being  A  =  1,  <r=  1,  when 
there  are  four  solutions,  and  A  =  3,  a  =  2,  for  which  there  are  six. 
Since  the  two  solutions  (t,  u)  (—  t,  —  u)  lead  to  the  same  substitu- 
tion, there  is  in  general  only  one  automorph,  the  identical 
substitution;  for  the  exceptional  cases  we  have  two  and  three 
automorphs  respectively.    Thus   the  form  (1,  0,  1)  has  the 

automorphs  and          ^  :  while  (2,  1,  2)  has 

85.  On  the  other  hand,  if  D  is  positive,  the  Pellian  equation 
admits  of  an  infinite  number  of  solutions.  It  can  be  shown,  in  the 
first  place,  that  there  is  at  least  one  solution  distinct  from  t  =  ±  a, 
u  =  0.  For  suppose  (a,  b,  c)  is  a  primitive  reduced  form  of 
determinant  D  for  which  a  is  positive,  and  dv  (a,  2b,  c)  =  <j.  Let 
its  principal  root  be  expanded  into  the  recurrent  fraction 

*  * 
to  =  (0 ;  d1}  d2)...  dzm), 

and  suppose  that  p2m-i/2W-i>  pW?zm  are  the  (2m  -  l)th  and  2mth 
convergents.  Then  since  w  =  (0;  d1}  d2, . . .  c?m_i,  d2m+  co),  it  follows 
that 

hence  fPm-1>  P™\  is  an  automorph,  and  therefore  if  we  put 

Pvm-i  =  (t~  bu)l<r,       p2m  =  -  cu/a, 
qwi-i  =  ctu/a,  q2m  =  (t  +  bu)j  <r, 

t,  u  will  be  positive  integers  such  that  t2  —  Dv?  =  a2. 
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For  instance,  if  D  =  17,  we  may  take  the  reduced  form 
(2,  3,  —  4),  for  which  <r  =  2.    The  expansion  of  its  principal 


root  is 


(0;  1,  1,  3,  1,  1,3), 


whence  p5  =  9  =  J  (t  -  Su),    q5  =  16  =  u, 

so  that  t  =  66,    u  =  16. 

Excluding  the  case  for  which  t  =  <r,  u  =  0,  there  will  be  one 
positive  integral  solution  of  t2  —  Du2  =  a2  for  which  t,  u  have  the 
smallest  possible  values.  This  will  be  denoted  by  (T,  IT)  and 
called  the  fundamental  solution. 

If  n  is  a  positive  integer,  the  expression  {T  +  U  \/D)n  may  be 
reduced  to  the  form  P  +  Q  \/D,  where  P,  Q  are  integers,  so  that  if 
we  write 

'T+U*JD\n  Tn+TJnS/D 


Tn>  Un  will  be  rational.  Moreover  since  \/D  is  irrational,  we  shall 
have 

Tn-Uns/D 


{T-  U^DJ  _ 


and  hence,  by  multiplication, 

TJ  -  DUn2  _(T>-  DUy 


1. 


Therefore  (Tn,  Un)  is  a  rational  solution  of  t2  —  Dv?  =  a2.  It 
may  be  shown  that  Tn,  Un  are  integers.  This  is  evidently  the 
case  when  a  =  1 ;  if  a  =  2,  it  may  be  proved  by  induction  as 
follows.  Suppose  the  theorem  true  up  to  (Tn,  Un);  then  since 
D  =  1  (mod  4),  the  equation  Tn2  —  DUn2  =  4  shows  that  Tn,  Un  as 
well  as  T,  U  are  either  both  even  or  both  odd.  Now 


TTn  +  DUUn  +  TnU+TUn  " 


2 

hence  Tn+1  =  i(TTn  + DUUn) 

and  Un+1  =  %(TnU+TUn) 

are  both  integral,  and  since  they  satisfy  -  D  f/'27l+1  =  4,  they 
are  both  odd  or  both  even.  The  theorem  being  true  for  n  ==  1,  it 
is  true  universally. 
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86.  Every  positive  integral  solution  is  of  the  form  (Tn,  Un) 
where 

and  n  is  a  positive  integer. 

For  suppose,  if  possible,  that  (t,  u)  is  any  other  positive 
solution.  Then  t  +  u\/D>T  +  U \fD,  and  since  T  +  U  *JD  >  <r, 
there  will  be  an  integer  n  such  that 


a 

Multiplying  by  I  1  =  ,  which  is  positive, 

we  obtain 


1  ^t  +  uWD  <T+  U*JD 


where  t  = 


a  cr 

tTn-DuUn 


As  in  last  article,  it  can  be  proved  that  whether  a  =  1  or  a  —  2, 
t\  u'  are  integers.  Moreover 

t'2  -  Du2  =  i  (t2  -  Du2)  (T2  -  DU2)  =  a2; 

and  this,  combined  with  t'  4-  u  *JD  >  <r,  gives  0  <  t'  —  u  *JD  <  <r,  so 
that  t',  u  are  positive  integers. 

Again,  t'  +  u'  *JD<T+U  *JD, 

and    (f  +  v!  >JD)  (f  -  u'  >JD)  =  a2  =  (T  +  UJD)  (T  -  U«JD) ; 

therefore  t'  -u  \/D>T  -  U  *JD : 

consequently 

(t  +  u'  s/D)  -  (*'  -  u'  s/D)  <  (T+  UsJD)  -(T- U^D), 

and  hence  v!  <  U.  Therefore  also  t'<T;  so  that  (£',  v!)  is  a 
positive  integral  solution  of  t2  —  Du2  =  a2,  for  which  the  values  of 
t,  u  are  less  than  T,  U.  But  this  contradicts  the  hypothesis  that 
(T,  £/)  is  the  fundamental  solution ;  therefore  there  are  no  positive 

solutions  except  those  given  by  ^n    ^n      =  • 
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All  the  integral  solutions  are  given  by  (+  Tn,  ±  Un),  where  the 
ambiguities  are  independent. 

By  giving  to  n  the  values  2,  3,  4...,  we  obtain  an  infinite 
number  of  positive  solutions  (Tn,  Un)  which  are  all  different,  since 
evidently  Tn+1  >  Tn,  and  Un+1  >  Un. 

We  may,  if  we  like,  assign  negative  values  to  n,  and  put 

T-n+Z7-n  s/D  _  (T+  U*JDyn 
a  ~\      a      J  ' 

(T+  Us/D\-1  _  T-UJD 
{      a      )  ~ 

T_n+U_n^D  Tn-Un>JD 


since 


we  have 

a  <r 

so  that  T_n=Tn,  U_n  =  -Un. 

If,  in  the  notation  of  the  hyperbolic  functions,  we  put 

<f>  =  cosh"1  (T/o-)  =  sinh"1  {UsJDja), 

we  shall  have     Tn  =  cr  cosh  n<f>,  Un^D  =  cr  sinh  n<\>. 

The  convenience  of  this  is  that  the  known  formulae  of  the  hyper- 
bolic functions  may  be  used  to  express  the  relations  between  the 
different  values  (Tn,  Un).    Thus  from  the  formulae 

cosh  2</>  =  2  cosh2  <j>  —  l,  sinh  2(f)  =  2  sinh  <f>  cosh  <f>, 

we  deduce  aT2n  =  2Tn2  -  a*,  <rUm  =  2TnUn ;  and  so  in  other  cases. 
It  may  be  specially  observed  that 

9T 

m    rp  m 

1  n+i  —        •  ■*  n  ~  1  n—i  > 
(J 

^n+i =  ~~  >  Un—U n-x ; 

these  formulae  are  very  convenient  for  the  calculation  of  the 
successive  values  of  Tn,  Un. 

87.  Let  a  =  1  for  the  moment,  and  for  the  sake  of  uniformity 
write  T0  =  1,  UQ=0,  Tx  =  T,  Ux  =  U  If  p  is  an  odd  prime,  we 
have 

T9+  UPJD  =  (T1  +  U.sJDY 

=  T,p+      DIP  (mod  p) 
=  Tx  +  Dl&-v  Ux  </D. 
Hence  TP=T1} 

Up  =  (D\p)Ui, 


94 


BINARY  QUADRATIC  FORMS. 


if  we  adopt  the  convention  that  (D  \  p)  =  0  when  p  is  a  factor  of  D. 

If  we  write  e  for  (D  \  p),  we  have  Tp=Te,  Up=  Ue)  supposing  that 
p  does  not  divide  D.  Also 

^T.T.  +  D^U^  T1+e> 

and  hence  in  general 

We  conclude,  therefore,  that  the  least  positive  residues  of 
(Tn,  Un)  with  respect  to  p  form  a  recurrent  series,  the  number  of 
terms  in  each  period  being  a  factor  of  p  —  (D  \  p). 

If  p  divides  D,  Tx  =  ±  1  (mod  p),  and  the  same  reasoning  shows 
that  the  residues  recur  with  a  period  of  p  or  2p  terms,  according 
as  T  =  1  or  —  1  (mod  p). 

With  respect  to  the  modulus  2,  the  system  of  residues  may  be 
(1,  0),  or  (0,  1),  (1,  0),  or  (1,  1),  (1,  0). 

It  is  easy  to  see  that  a  similar  recurrence  will  exist  if  the 
residues  are  taken  with  respect  to  a  composite  modulus  ra.  Thus 
if  (T\  U')  is  the  least  positive  solution  of  &  -  m*I)u2=l,  (T\  mTT) 
is  a  solution  of  t2  —  Dv?  =  1  for  which  u  =  mU'  =  0  (mod  m),  and  it 
is  the  first  of  the  kind  which  occurs.  Putting  T  =  TA,  mlT  =  UK) 
we  have  TA2  =  1  (mod  m) ;  if  TK  =  1  (mod  ra),  the  period  contains 
\  terms ;  if  not,  T2K  =  2TA2 -1  =  1  (mod  m),  U2K  =  2TJJK  m  0  (mod 
m),  and  the  period  contains  2\  terms. 

It  does  not  seem  easy  to  assign  the  number  of  terms  in  the 
period  of  residues  when  ra,  D  are  given.  By  arguments  similar  to 
those  employed  in  Chap.  I.  it  is  possible  to  prove  the  following 
theorem,  which  may  serve  as  an  exercise  for  the  reader. 

Suppose  that  ra  contains  at  least  one  odd  prime  factor  which 
does  not  divide  D  :  then  if  p,  q,  r ...  are  the  different  odd  primes 
which  divide  ra  but  not  D,  and  if  fi  is  the  L.c.M.  of  m/pqr 
p  —  {D\p),  q  —  (D\  q),  etc.,  the  number  of  terms  in  a  period  will 
certainly  divide  fx.    A  fortiori  it  will  divide 

£n(i-ia>w). 

where  the  product  applies  to  all  odd  primes  which  divide  ra  but 
not  D,  and  a  is  the  number  of  such  primes. 
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If  every  prime  factor  of  m  divides  D,  all  that  can  be  concluded 
is  that  the  number  of  terms  in  a  period  divides  2m. 

Examples.  D  =  11,  Tx  =  10,  Ux  =  3,  m=  75.  Here,  since 
(11 1  5)  =  +  1,  and  (11 1 3)  =  - 1,  p  is  the  l.c.m.  of  5,  4,  4,  that  is,  20. 
The  period  of  residues  does  in  fact  contain  20  terms,  viz. 

(10,  3),  (49,  60),  (70,  72),  (1,  30), 
(25,  3),  (49,  30),  (55,  72),  (1,  60), 
(40,  3),  (49,  0),  (40,  72),  (1,  15), 
(55,  3),  (49,  45),  (25,  72),  (1,  45), 
(70,  3),    (49,  15),    (10,  72),   (1,  0). 

If  m  =  11,  there  are  22  terms  in  the  period  ;  namely  (10,  3), 
(1,  5),  (10,  9),  (1,  10),  etc. 

The  number  of  terms  in  the  period  is  often  less  than  fi :  thus 
for  D  =  11,  m  =  9,  /jl  is  12,  but  the  period  is  (1,  3),  (1,  6),  (1,  0). 


88.  The  complete  system  of  automorphs  for  a  primitive  form 
(a,  b,  c)  is  given  by 

<0LtP\_((Tn-bUn)l<r,    -cUn/<r  \ 
V,BJ-\  aUn/<r,  (Tn+bUn)/*)' 

where  Tn,  Un  have  the  meaning  already  denned ;  except  that  in 
this  formula  they  may  be  taken  positively  or  negatively.    If,  as 

we  have  tacitly  done  hitherto,  we  consider  ^    a'     ^  the  same  as 

^j,  it  is  sufficient  to  give  to  n  all  positive  and  negative 

integral  values  and  take  Tn,  Un  with  the  signs  appropriate  to  them 
in  each  case,  according  to  Art.  86. 

With  this  convention,  let  the  substitution  above  written  be 
denoted  by  Sn.  Then  it  is  easily  verified  that  if  m,  n  are  any 
integers, 

and  hence,  if  S  denote 

/(T-bU)/<r,    -cU/a  \ 
V        oU/<r,  (T+bU)/<r)} 

Sn  =  Sn; 

therefore  all  the  automorphic  substitutions  may  be  expressed  as 
powers  of  the  fundamental  substitution  S. 
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It  has  already  been  shown  (Art. p6)  that  from  the  period  of  a 
reduced  form  (a,  b,  -  a)  an  automorphic  substitution  may  be 
derived.  It  is  not  difficult  to  prove  that  this  is  the  fundamental 
automorph.  For  simplicity,  suppose  that  a  is  positive,  and  let  the 
derived  automorph  be 

«f  _  /  (f  —  bu')/a,    du'l<r  \ 
\        au'lv,    (f  +  bu')/ a)  ' 

where  t'  is  positive. 

Since  t'2  —  6V2  =  aa'u2  +  a-2,  t'  —  bu  and  t'  +  bu'  are  positive. 
If  S'  is  not  the  fundamental  automorph,  it  must  be  a  power  of  it, 
say  Sk.  It  follows  from  this  that  if  aii '/(£'  +  bu)  be  expanded  into 
a  continued  fraction,  the  series  of  partial  quotients  will  consist  of 
those  belonging  to  the  expansion  of  aU/(T  +bU),  repeated  k 
times.    But  in  the  series  derived  from  the  period  of 

reduced  forms,  such  a  repetition  can  only  occur  once.  The  only 
possible  supposition  therefore  is  that  S'  =  S2,  and  that  S  is  derived 
from  the  partial  quotients  d^,  c?2,  ...  dm.  But  these  partial  quo- 
tients lead  to  a  solution,  not  of  t2  —  Bu2  =  <r2,  but  of 

t2  -  Du2  =  -a2 

(cf.  Art.  75).    Therefore  S'  is  the  fundamental  automorph. 

The  automorphs  of  a  derived  form  are  the  same  as  those  of  the 
primitive  from  which  it  is  derived. 


89. 


If  R=  ifl  any  substitution  which  converts  (a,  b,  c) 

into  the  equivalent  form  (a,  b',  c'),  and  if  S  is  the  fundamental 
automorph  of  (a,  b,  c),  then  all  the  substitutions  which  convert 
(a,  b,  c)  into  (a',  b\  c')  are  given  by 

\yn,  On  J 

where  n  is  any  positive  or  negative  integer. 
The  values  of  a„,  &»,  yn,  Bn  are 
an  =  {aTn  -  (ba  +  cy)  Un]l<r,    ft,  =  {/3Tn  -  (b/3  +  cB)  Un}/<r, 
7n  =  {yTn  +  (act  +  by)  Un\l*t    Bn  =  [BTn  +  (off  +  b8)  Un}/a. 
The  relations  between  the  original  and  the  new  variables  may 
also  be  expressed  by  writing 

ax  +  (b  +  <JD)y  =  Tn  +  Un  VJ  {a  (ax'  +  #/')  +  (b  +  </D)  (yx  +  SyO)  ; 
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and  similarly,  the  automorphs  of  (a,  b,  c)  may  be  derived  from 
ax  +  (b  +  s/D)y  =  T^+U^^D  [aa/  +  (j  +  VD)y'}. 


Representation  of  Numbers  resumed. 

90.  It  has  already  been  shown  (Art.  59)  that  if  a  number  m 
is  properly  representable  by  a  form  of  determinant  D,  D  must  be 
a  quadratic  residue  of  m.  Further,  if  n  is  any  root  of  the 
congruence 

n2  =  D  (mod  m), 

and  we  put  (w2  —  D)/m  —  I,  then  the  form  (m,  w,  Q  is  of  determinant 
D,  and  any  primitive  representation  m  =  aa2  +  26a7  +  C72  by  the 
form  (a,  b,  c)  of  determinant  D  leads  to  a  proper  1  substitution 

(ry'  ^)  ^  wnicn  (a»  ^»  c)  ^s  transformed  into  (m,  n,  I). 

In  order,  therefore,  to  determine  whether  m  can  be  represented 
by  a  given  form  (a,  6,  c)  we  first  find  all  the  solutions  of  n2=  D 
(mod  m) ;  taking  any  one  of  these,  say  n,  we  examine  whether  the 
forms  (a,  b,  c),  (m,  n,  I)  are  properly  equivalent.  If  they  are,  the 
process  by  which  we  discover  the  equivalence  enables  us  to  form 

a  substitution        ^  which  converts  (a,  6,  c)  into  (m,  n,  £),  and 

then  x  =  a,  y  =  y  gives  a  primitive  representation  of  m  by  the 
form  (a,  6,  c).  This  representation,  moreover,  appertains  to  the 
particular  solution  (n)  of  the  congruence  n2=  D  (mod  m). 

If,  for  a  given  value  of  n  (mod  m),  a  particular  solution  is 
no  =  a,  2/  =  7,  then  (by  Art.  89)  the  most  general  solution  apper- 
taining to  this  root  of  the  congruence  is 

_  at  —  (ba  +  cy)u  _yt  +  (aa  +  by)  u 

x  —   ,       y  —   , 

where  <r  =  dv  (a,  2b,  c)  and  (t,  u)  is  any  integral  solution  of 
t2  -  Du2  =  a2. 

By  giving  to  t,  u  all  suitable  values  we  thus  obtain  a  group 
of  representations;  there  will  be  a  finite  or  infinite  number  of 
representations  in  the  group  according  as  D  is  negative  or 
positive. 

The  maximum  number  of  distinct  groups  will  be  equal  to  the 
number  of  the  solutions  of  the  congruence  n2  =  D  (mod  m). 


98 


BINARY  QUADRATIC  FORMS. 


91.  Some  illustrations  of  the  general  theory  will  now  be 
given. 

Example  1.  Suppose  D  =  —  l.  There  is  only  one  positive 
class  for  this  determinant :  its  representative  is  (1,  0,  1).  Let 
m  be  a  positive  integer  such  that  m  or  \m  is  odd ;  then  the 
congruence  n?  =  —  1  (mod  m)  is  solvable  if  every  odd  prime 
which  divides  m  is  of  the  form  4w  + 1.  If  this  condition  is 
satisfied,  there  will  be  a  form  (m,  n,  I)  of  determinant  —  1,  and 
this  must  be  equivalent  to  the  reduced  form  (1,  0,  1);  therefore 
m  can  be  expressed  as  the  sum  of  two  squares. 

A  special  case  of  this  is  the  famous  theorem  first  enunciated 
by  Fermat  (Observations  on  Diophantus,  No.  VII.) ; 

Every  odd  prime  of  the  form  4n.  + 1  can  be  expressed  in  one 
way,  and  one  way  only,  as  the  sum  of  two  squares. 

For  if  p  =  4w  +  1  be  a  prime  the  congruence  n2  =  —  1  (mod  p) 
has  two  solutions,  each  of  which  (Art.  84)  corresponds  to  four 
representations,  so  that  there  are  eight  representations  altogether : 
but  if  x  =  t,  y  =  u  be  any  one  of  these,  we  get  exactly  eight  by 
putting  x  =  ±  t,  y—±u,  or  x  —  ±u,  y=±t,so  that  if  we  neglect 
the  order  of  the  terms,  p  is  expressed  in  one  way  only  in  the  form 

p  =  t2  +  v?. 

For  instance,  let  p  —  89.  The  roots  of  ri2  =  —  1  (mod  89)  are 
n  =  +  34 ;  taking  the  upper  sign,  and  applying  the  usual  process 
of  reduction,  we  have 

(89,  34,  13) co  (13,  5,  2)co(2,  1,  l)eo(l,  0,  1). 

Hence  we  derive  the  substitution 

(_:;J)(_;;4)(-U)=G!5. 

which  converts  (89,  34,  13)  into  (1,  0,  1);  and  the  second  form  is 

converted  into  the  first  by  the  inverse  substitution  (      '  n\ 

J  \+8,  +37 

This  gives  the  representation  89  =  (—  5)2  +  (+  8)2.     If  we  start 

with  (89,  —  34,  13),  we  obtain  in  a  similar  way 

89  =  (+8)2  +  (-5)2=  64  +  25 

as  before. 

Example  2.  To  find  all  the  representations  of  85  =  5. 17  as 
the  sum  of  two  squares. 


EXAMPLES. 
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The  roots  of  n2  =  -  1  (mod  85)  are  n  =  ±  13,  ±  38.  The  forms 
(85,  13,  2),  (85,  38,  17)  are  converted  into  (1,  0,  1)  by  the 

substitutions  and  ^9)  respectively;  and  hence 

85  =  49  +  36  =  4  +  81. 
The  forms  (85,  -13,  2)  and  (85,  -38,  17)  lead  to  the  same 
results. 

Example  3.  To  find  all  the  representations,  primitive  and 
derived,  of  81  in  the  form  Sx2  +  2xy  —  I2y2. 

For  the  primitive  representations  we  solve  n2  =  37  (mod  81), 
whence  n=  ±  19  (mod  81).    Then  by  successive  reductions  we  find 
(81,  19,  4)o>(4,  5,  -3)cv>(-3,  4,  7)o>(7,  3,  -4) 
co (-4,  5,  3)co(3,  4,  -7) 
00  (   3,  1,  -12). 

(— 163  —  26\ 
'     „  which 
+  69,  +11/ 

converts  (3,  1,  —12)  into  (81,  19,  4);  and  the  corresponding 
representation  is  x  =  —  163,  y  =  69. 

By  Art.  89,  all  the  representations  belonging  to  the  same  set 
with  this  are  expressed  by 

#  =  -1632  +  991w, 
y  =     69t  -  420w, 
where  (t,  u)  is  any  integral  solution  of  t2  —  37w2  =  1. 

Putting  t  =  —  73  =  —  T,  u  =  —  12  =  —  £7,  we  obtain  the  simpler 
solution  x  =  7,  2/  =  3,  and  hence  we  derive  the  general  solution  in 
the  form 

x  =  7t  +  29u, 
y  =  3t+24M. 

The  form  (81,  - 19,  4)  is  not  equivalent  to  (3,  1,  - 12),  so  that 
the  above  solution  gives  all  the  primitive  representations. 

The  derived  representations  may  be  of  two  kinds,  according  as 
dv  (x,  y)  =  3  or  9.  The  former  set  is  deduced  from  the  primitive 
representations  of  9  by  (3,  1,  — 12).  Proceeding  as  before,  we 
obtain  the  representations  of  81  in  the  form 

x  =  —  9t  +  4f5u, 
y=    St-  24u, 
where,  as  before,  t2  —  37 u2  =  1. 


100 


BINARY  QUADRATIC  FORMS. 


There  are  no  representations  for  which  dv  (x,  y)  =  9.  This  is 
easily  seen  from  the  fact  that  1  is  r-epresentable  by  the  form 
(1,  0,  —37),  which  is  not  equivalent  to  (3,  1,  —12). 


Improper  Equivalence. 

92..  A  few  remarks  may  be  added  with  regard  to  improper 
equivalence.  Every  form  is  improperly  equivalent  to  its  opposite 
(Art.  62) ;  hence  if  /  is  improperly  equivalent  to  /',  it  is  properly 
equivalent  to  the  opposite  of  /',  and  conversely.    Moreover,  to 

every  proper  substitution   ^  ^  which  converts  /  into  the 

opposite  of  /'  corresponds  an  improper  substitution  ^ 

which  changes  /  into  /',  and  vice  versa.  Thus  the  whole  theory 
of  improper  equivalence  is  practically  reduced  to  that  of  proper 
equivalence. 

There  is,  however,  one  point  of  special  interest ;  the  forms  / 
and  f  may  be  both  properly  and  improperly  equivalent.  In 
this  case  every  form  of  the  class  to  which  f  and  f  belong  is 
improperly  as  well  as  properly  equivalent  to  itself.  It  may  be 
shown  that  the  necessary  and  sufficient  condition  for  this  is 
that  the  class  should  be  ambiguous,  that  is  to  say,  should 
contain  ambiguous  forms. 

First,  let  /,  /'  be  definite:  then  if  we  find  a  reduced  form 
equivalent  to  them,  it  must  be  equivalent  to  its  own  opposite, 
which  is  also  a  reduced  form.  By  Art.  65  this  is  the  case  only 
when  the  reduced  form  is  of  the  type  {a,  \a,  c)  or  (a,  b,  a).  The 
first  of  these  is  ambiguous;   the  second  is  converted  by  the 

substitution        ^  into  the  ambiguous  form  (2a  +  2b,  a  +  b,  a). 

Secondly,  suppose  that  /  and  f  are  indefinite.  Let  (a,  b,  —  a') 
be  any  reduced  form  in  the  period  of  /.    By  the  improper 

substitution       ^  it  is  converted  into  its  associate  (—  a',  b,  a) : 

hence  if  /,  f  are  improperly  equivalent,  their  periods  must  be 
associated;  and  if  they  are  properly  equivalent  as  well,  their 
common  period  must  be  its  own  associate,  and  is  therefore 
ambiguous  (Art.  74). 
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Every  ambiguous  form  is  improperly  as  well  as  properly 
equivalent  to  itself1;  for  if  (a,  6,  c)  is  ambiguous,  and  26= /9a, 

(o'  l)  1S  an  ^mProPer  automorph.  Hence  for  the  double 
equivalence  of  two  forms  it  is  sufficient  as  well  as  necessary 
that  they  should  belong  to  an  ambiguous  class. 

93.  The  effect  of  an  improper  automorphic  substitution  is  to 
interchange  the  roots  of  the  form  to  which  it  is  applied  (Art.  56) ; 

hence  if  is  an  improper  automorph  of  (a,  6,  c), 

-  b  -  VP    a  (-  b  +  VJ)  +  Pa 
a      ~y(-b  +  >JD)  +  ha  ' 

whence,  on  multiplying  up  and  equating  the  rational  and  irrational 
parts, 

a(a  +  8)  =  0, 
a  (6a  -a/3)  +  b  (by  -  oS)  -  yD  =  0. 
Now  a  is  not  zero  ;  hence 

a+a=o, 

and  on  substituting  —  a  for  $  in  the  second  equation  we  obtain 
26a  -  aft  +  cy  =  0. 
The  condition  olB  —  fiy  =  —  1  leads  to 

a*+0y  =  l. 
Since  aft  —  cy  =  26a, 

we  may  put  a/3  +  cy  =  2k, 

where  k  is  an  integer ;  hence 

0  =  (K  +  ba)]a, 
y  =  (k  —  ba)/c, 
and  substituting  in  a2  +  fiy  =  1,  we  obtain 
ac2  —  Da?  =  ac. 

Thus  every  improper  automorph  of  (a,  6,  c)  must  be  of  the 
form 

/      \,        (k  +  6\)/a\ 
M>-6V)/c,      -\  J' 

where        X)  is  an  integral  solution  of  k2  —  DX2  =  ac.  Since 

1  Hence  the  term  4  ambiguous,'  which  is  an  unsatisfactory  rendering  of  Gauss's 
anceps  =  two -headed ;  cf.  'sacer  ancipiti  mirandus  imagine  Janus'  (Ov,  Fast.  i.  95). 


102 


BINARY  QUADRATIC  FORMS. 


improper  automorphs  exist  for  forms  belonging  to  ambiguous 
classes,  and  for  such  forms  only,  we  are  led  incidentally  to  the 
result  that  if  (a,  b,  c)  belongs  to  an  ambiguous  class,  there  will 
be  integral  solutions  of  /c2  —  D\2  =  ac  for  which  (k  +  b\)/a  and 
(tc  —  b\)/c  are  both  integral. 

As  an  illustration,  let  (a,  6,  c)=(2,  5,  7).    Here  D  —  ll,  and 

the  values  k  =  5,  \  =  1  lead  to  the  improper  automorph  , 

from  which  all  the  rest  may  be  derived.  In  like  manner  the 
solution  k  =  17,  \  =  —  5   leads  to   the  improper  automorph 


/-5,-4y 

V+  6,  +  5  J ' 


on  the  other  hand,  no  improper  automorphs  can 
be  derived  from  the  solutions  k  =  5,  \  =  —  1,  and  /e=l7,  \  =  5. 


CHAPTER  IV. 


Binary  Quadratic  Forms ;  Geometrical  Theory. 

94.  The  theory  of  the  reduction  and  equivalence  of  binary 
quadratic  forms  is  made  much  more  intelligible  by  the  introduction 
of  a  complex  variable.  The  discussion  of  complex  quantities 
belongs  to  the  elements  of  formal  algebra,  and  will  not  be 
reproduced  here :  for  convenience,  however,  a  few  of  the  funda- 
mental results  will  be  stated,  and  the  notation  to  be  used  will  be 
explained. 

The  general  form  of  a  complex  quantity  is 

z  —  x  +  yi, 

where  x,  y  are  real,  and  i2  —  —  1. 

The  modulus  or  absolute  value  of  x  +  iy  means  +  Va*2  +  y\  It 
is  denoted  by  mod  (x  +  yi),  or  by  |  x  +  yi  | ;  in  what  follows,  the 
second  notation  will  be  exclusively  used. 

The  square  of  the  modulus  of  a  complex  quantity  z  is  called 
its  norm  and  denoted  by  Nm  (z) ;  thus  if  z  =  x  +  yi, 

Nm  0)  =  x'2  +  y\ 

The  argument  of  z  =  x  +  yi,  denoted  by  arg  (z),  is  a  quantity  0 

x  11 

such  that  cos  6  =  j-^-j ,  sin  0  =  .  It  is  many-valued,  being  deter- 
mined only  up  to  multiples  of  2ir. 

95.  If  we  take  an  origin  0  and  rectangular  axes  X'OX, 
Y'OY,  and  mark  the  point  P  whose  coordinates  referred  to  these 
axes  are  x,  y,  the  complex  quantity  z  =  x  +  yi  may  be  considered 
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to  be  represented  either  by  the  point  P,  or  by  the  vector  OP 
drawn  to  P  from  the  origin.  In  particular,  1  and  i  will  be 
represented  by  points  A,  B  on  OX,  OY  at  unit  distance  from  0. 
Considered  as  an  operator,  x  +  yi  will  denote  the  operation  by 
which  the  vector  OA  =  1  is  converted  into  the  vector  OP  =  x  +  yi. 

The  modulus  and  argument  of  x  +  yi  are  equal  to  the  radius 
vector  and  vectorial  angle  of  P,  if  OX  be  taken  as  the  initial  line, 
and  the  radian  as  the  unit  angle.    Calling  these  r  and  6,  we  have 

x  +  yi  =  r  (cos  6  +  i  sin  6)  =  re0i. 

96.  If  z  =  x  +  yi,  and  z  =  x  +  y'i,  the  four  fundamental 
operations  are  performed  according  to  the  formulae 

z  +  z  =  (x  +  x)  +  (y  +  y)  i  =  z'  +  z, 

z-z'  =  (x-x)  +  (y-y')i, 

zz  —  (xx  —  yy')  +  (xy'  +  x'y)  i  =  s'-z, 

xx  +yy  {xy-xy) 
x*  +  tf  +    x*  +  tf  l- 

Of  these,  the  first  and  third  may  be  taken  as  definitions ;  the 
second  and  fourth  are  derived  from  them  by  means  of 

(z  —  z')  +  z'  =z,  and  —  .  z—z . 

v        '  z 

We  shall  also  require  the  following  results,  which  are  given 
here  for  the  sake  of  reference  : — 

\z  +  z'  \^\z\  +  \z'\, 

i^i=kiin 

I  vi- 1*1714 

arg  (zz)  =  arg  (z)  +  arg  (*'), 

arg  (zjz)  =  arg  0)  -  arg  (z'), 

log  £  =  Log  |  z  |  +  i  arg  (s). 

In  the  last  formula,  Log  |  z  \  means  the  ordinary  real  logarithm 
of  the  real  positive  quantity  \z\. 

The  quantities  x  +  yi  and  x  —  yi  are  said  to  be  conjugate.  It 
is  sometimes  convenient  to  write  z0  for  the  conjugate  of  z ;  it  will 
be  observed  that  zz0  =  Nm  (z)  =  Nm  (z0). 


COMPLEX  VARIABLE. 
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97.  Consider  now  the  linear  transformation  of  a  complex 
variable  defined  by 

,    az  4-  b 

z  =   j, 

cz  +  a 

where  a,  b,  c,  d  are  any  constants,  in  general  complex,  such  that 

ad  —  be  4=  0. 

This  may  be  regarded  as  a  transformation  of  the  plane  of 
reference  by  which  the  point  z'  is  made  to  correspond  to  the 
original  point  z. 

There  are,  in  general,  two  points  which  are  unaltered  by  the 
transformation  ;  for  convenience  they  may  be  called  the  stationary 
points  of  the  transformation.  They  correspond  to  the  roots  of  the 
equation 

az  +  b 

z  =  = , 

cz  +  d 

or  cz2  +  (d  —  a)  z  -  6  =  0. 

If  the  roots  are  zx  and  z2  the  equation  of  transformation  may 
be  written  in  the  '  normal  form  ' 

Z  —  Zx  Z  —■  Zx 

—,   =  A.  .   . 

Z      Zq  Z '  Zq 

It  is  easily  seen  that  \  =  (a  —  cz^)\{a  —  cz2),  and  it  may  be 
verified  without  difficulty  that  \  satisfies  the  equation 

1  _a2  +  <f +  26c 
X  ~~     ad  — be 

This  is  a  reciprocal  quadratic,  as  might  be  expected,  because 
the  interchange  of  zx  and  z2  converts  X  into  When  the  roots 

zx  and  z2  are  distinguished,  the  value  of  \  is  determined,  and 
conversely. 

It  may  happen  that  the  stationary  points  coincide  :  this  will 
be  the  case  when 

(a-d)2  +  46c  =  0. 

Such  a  substitution  is  called  parabolic.  It  is  clear  that  the 
values  of  \  must  also  coincide,  each  being  equal  to  1 ;  and,  in  fact, 
the  equation  for  X  reduces  to 

X  +  i  =  2, 

A, 

whence  (\  -  l)2  =  0,  as  stated. 


106 


BINARY  QUADRATIC  FORMS. 


The  equation  — —  =  X- — -  now  becomes  illusory:  it  may, 
z  —z2       z  —  z2  J  J' 

however,  be  replaced  by 

 =  +k, 

Z  —Z1      Z  —  Zx 

where  zx  =  (a  —  d)/2c,  h  —  2c /(a  +  d). 

A  special  case  occurs  when  c  =  0  and  a  —  d  =  0  :  here  the 
coincident  stationary  points  are  at  infinity,  and  the  transformation 
is 

z  =  z  4-  k, 

where  h  =  b/a. 

Observe  that  h  cannot  be  infinite  in  either  of  these  last 
formulae  of  transformation :  for  it  will  be  found  that  h  =  oo  leads 
in  each  case  to  ad—bc  =  0,  which  was  expressly  excluded  at 
starting. 

Those  substitutions  which  are  not  parabolic  may  be  arranged 
into  three  classes,  according  to  the  value  of  X ;  namely 

(i)  elliptic  substitutions,  for  which  X  is  complex,  and  |  \  |  =  1, 

(ii)  hyperbolic       „       „       „      X  is  real,  and  1, 

(iii)  loxodromic      „       „       „      X  is  complex,  and  |  X  | [  =i=  1. 

98.  It  is  a  characteristic  property  of  a  linear  substitution 
that  it  transforms  circles  into  circles.  This  important  proposition 
may  be  proved  as  follows. 

Since  the  most  general  expression  for  a  linear  substitution 
involves  three  independent  quantities,  any  three  assigned  values 
zi>  z%  may  t>e  made  to  correspond  to  any  other  three  zly  z2,  zz. 
In  fact,  the  linear  transformation  required  for  this  purpose  is 

Z  —  Z\      Z§     Z\    z%~  z%    z  ~~  z^ 

z  —  Z<i       Z§  —  Z<i     Z%~~  Z-±     Z  —  Z<£ 

or,  which  is  the  same  thing, 

ZZ  ~  Zi  z  ~  Zl  _ZZ~  Z2  z  ~~  z\ 
zi  —  Zx    '  Z'  —  z2        ZZ~  z\  z~z-i 

oi    8  oi 

It  is  convenient  to  write  (afiyS)  for  _^ /ft  —  g  an(*  Ca^  ^  a 
cross-ratio :  in  this  notation,  the  above  substitution  may  be 
written 

{zlziziz')  =  (z^Z^). 
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Now  if  Ax,  A2., 
respectively, 


A3)  P  are  the  points  corresponding  to  zu  z2i  z3 


PA, 


while  arg  (zxz2z3z)  =  Z  AXA3A2  -  Z  AXPA2 , 

the  angles  being  described  as  indicated  by  the  arrows  in  the 
figure ;  that  is,  by  rotating  lines  from  A3AX  to  ASA2>  and  from 
PAX  to  PA2,  in  the  positive  sense. 

A. 


It  follows  from  this  that  (zxz2z3z)  is  real  if  and  only  if 
P,  Ax,  A 2,  A3 
are  concyclic ;  for  the  condition  of  reality  is  that 

Z  AXA3A2  —  Z AXPA2 
should  be  a  multiple  of  7r,  and  this  is  precisely  the  condition  that 
the  four  points  should  be  concyclic,  the  angles  being  measured  as 
above  explained. 

When  {zxZ&&)  is  real,  (zxz2z3zf)  is  real  also:  therefore  any 
point  z  on  the  circle  zxz2zz  is  transformed  into  a  point  z  on  the 
circle  zxz2z%\ 

It  should  be  observed  that,  in  this  connexion,  straight  lines  are 
to  be  considered  as  equivalent  to  circles  of  infinite  radius ;  in  fact 
a  straight  line  is  in  general  transformed  into  a  circle,  and  a  circle 
may  be  (exceptionally)  transformed  into  a  straight  line. 

99.  In  the  arithmetical  application,  it  will  be  sufficient,  for 
the  present,  to  consider  the  substitutions 

j=ttZ  +  0 
yz  +  8' 

where  a,  /3,  y,  8  are  real  integers  such  that  «§  —  j3y  =  1. 
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The  equation  for  X  is  in  this  case  (Art.  97) 

X  +  X-1  =  a2  +  82  +  2/37 

=  (a  +  S)2-2. 

The  discriminant  of  this  quadratic  is 

4  -  {(a  +  S)2  -  2}2  =  (a  +  S)2  {4  -  (a  +  S)2}. 

This  is  negative,  and  the  substitution  is  hyperbolic,  except  in 
the  following  cases : — 

I.  a  4-  8  =  0,  whence  also  £7  +  a2  4-  1  =  0. 

Here  the  equation  for  X  is  (\  +  l)2  =  0,  and  the  stationary- 
points  are  the  roots  of 

yz*-2az-  (3  =  0, 

whence  z  —  (a  ±  i)/y. 

The  substitution  may  be  written  in  the  form 

z'  —  (ot  +  i)/y  _  _  z  —  (a  +  i)/y 
z'-(a-i)/y~  z-(a-i)/y' 

from  which  we  see  that  it  is  elliptic  and  of  period  2. 

II.  (a  +  S)2  =  l. 

It  is  enough  to  suppose  that  a  +  8  —  1,  because  if  a  +  8  =  —  1, 
we  can  change  the  signs  of  a,  /3,  7,  8  throughout,  without  altering 
the  substitution. 

The  equation  for  X  is 

\2  +  \  +  l  =  0, 

and  therefore,  putting  p  =  e2ni/s  —  — 1  , 

X  =  p  or  p2. 

The  equation  for  the  stationary  points  is 
7*2-(2a-l)*-/3  =  0, 

2a  -  1  ±  J '(2a  -  l)2  +  4  (a8  -  1) 

whence  z  =  ~  0  

2y 

2a-l+iV3  . 

=  »_  on  reduction 

27 
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If  we  take  X  =  p,  we  must  put  (Art.  97) 

Zl  —  }  Z2~    ) 

7  7 
and  the  normal  form  of  the  substitution  is 

*'-(«  +  P2)/7        *-(«  +  P2)/7 
zJ-(a  +  p)/y     P'  z-(a  +  p)/y' 

This  is  elliptic,  and  of  period  3.  The  other  substitution  of 
the  same  period  is  obtained  from  the  preceding  by  changing  p 
into  p2. 

III.    a  +  8  =  2. 

Here  (A,  —  l)2  =  0,  and  the  equation  for  the  stationary  points  is 

7j«-2(a-l)*  +  &^?  =  0, 
7 

The  substitution  is  parabolic,  and  may  be  written 

11 

^-(a-l)/7-^-(a-l)/7  +  T 

If  it  happens  that  7  =  0,  we  must  have  a  =  8  =  1,  and  the 
substitution  becomes 

All  the  remaining  substitutions  are  hyperbolic,  the  stationary 
points  being  defined  by 

yz2-(ot-8)z-/3  =  0. 

100.  As  in  last  chapter,  it  may  be  shown  that  to  every 
quadratic  equation  with  integral  coefficients  and  real  roots  corre- 
sponds a  group  of  hyperbolic  substitutions  which  have  the  roots 
of  the  equation  for  their  stationary  points.  Namely,  if  the 
equation  is  reduced  to  the  form  az2  +  2bz  +  c  =  0,  where 

dv  (a,  b,  c)  =  1, 

and  if  we  put  as  usual  b2  —  ac  =  D,  dv  {a,  2b,  c)  =  <t,  the  substitutions 
in  question  will  be  given  by 

t  +  u*JD\2  z-Zi 


■7= 


z  —  z2     \      a     )    z  —  z% 

where  (t,  u)  is  any  integral  solution  of  t2  —  Du2=  a2,  and  zlf  z2  are 
the  roots  of  az2-  +  2bz  +  c  =  0. 
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(It  is  left  as  an  exercise  to  the  reader  to  verify  that  the 
normal  form  of  the  substitution  here ,  given  is  only  a  transfor- 
mation of  z'  —  — — z    GU  m    j£  is  interesting  to  see  that  the 
auz  +  (t  +  bu)  & 

squared  factor  ensures  that  \  and  \_1  are  both  positive,  as  they 
ought  to  be,  because  X,  +  V-1  =  (a  +  8)2  —  2,  which  is  positive.) 

101.  Points  which  can  be  stationary  points  for  a  substitution 
of  the  complete  group  may  be  called  critical  points ;  it  appears 
that  they  fall  into  four  sets,  which  may  be  termed  respectively 

(i)  rational  points,  for  which  z=p/q, 

(ii)  surd  points        „      „     z  =  (p  ±  */q)/r, 

(iii)  ^-points  „      „     z  =  (p±i)lq, 

(iv)  p-points  „      „     z  =  (p±p)/q- 

Here  p,  q,  r  denote  real  integers ;  in  (iii),  p  and  q  must  be 

relative  primes;  in  (iv),  with  the  upper  sign  p  and  q  must  be 

relative  primes,  and  with  the  lower  sign  p  +  1  and  q  must  be 
relative  primes. 

102.  A  complex  quantity  z  =  oc  +  yi  for  which  y  >  0  will  be 
said  to  have  a  positive  imaginary  part ;  its  representative  point 
will  be  on  the  positive  side  of  the  axis  of  x. 

Two  quantities  z,  z'  will  be  termed  equivalent  when  real 
integers  a,  /3,  7,  8  can  be  found  such  that 

yz+  8  ' 

<x8-(3y  =  l. 

The  corresponding  points  will  also  be  called  equivalent. 
Equivalent  points  are  on  the  same  side  of  the  axis  of  x. 

For  suppose  that  z'  =  —  +  ^  as  above,  and  let  z0)  z0'  be  the 
yz  +  o 

conjugates  of  z  and  then 

02o  +  /3 


Za  = 


and  therefore 


yz0  +  8  ' 


za  = 


,_(«S-fty)(*-*0) 
(<yz  +  8)  (yz0  +  8) 

Nm  (yz  +  8) ' 


THE  FUNDAMENTAL  TRIANGLE. 


Ill 


If  z  =  x  +  yi  and  /  =  x'  4-  y'i,  this  gives  y\y  =  Nm  (yz  +  8), 
a  positive  quantity,  so  that  y  and  y'  have  the  same  sign. 

If  y  =  0,  y'  =  0  also ;  that  is,  a  quantity  equivalent  to  a  real 
quantity  is  also  real. 

103.    Suppose  now  that  w  =  x  +  yi  is  any  complex  quantity 
with  positive  imaginary  part,  and  let  co0  =  x  —  yi  be  its  conjugate. 
Consider  the  points  o>  which  satisfy  the  conditions 
|  «  +  o)0 1  <  1, 

&>&>0  >  1. 

Expressed  in  terms  of  x  and  y  these  are 
2|*|<1, 
x*  +  y2  >  1. 

Now  the  points  (x,  y)  for  which  2  | a? |  <  1,  a?  +  y2>l,  y>0  are 
all  contained  within  the  area  which  lies  above  the  axis  of  x, 
outside  the  unit  circle  x2  +  y2  —  1  =  0  and  between  the  parallel 
lines  x  =  J  and  x  =  —  \.  (See  the  annexed  figure,  in  which  the 
area  in  question  is  shaded.) 


X'  0  X 

Fig.  3. 


This  region  may  be  considered  as  a  triangle  enclosed  by  three 
circular  arcs  (two  of  which  are  accidentally  straight),  the  angles  of 
the  triangle  being  0,  tt/3,  tt/3.  It  will  be  referred  to  as  the 
fundamental  triangle^  and  denoted  by  V. 

104.  The  points  on  the  boundary  of  V  may  be  grouped  into 
equivalent  pairs. 

For  it  is  evident  that  the  transformation 

ft/  =  S  (<o)  =  <w  +  1 
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converts  every  point  &>  on  the  line  x  —  —  \  into  a  corresponding 
point  &>'  on  x  —  \,  and  if  one  of  these  is  on  the  boundary  of  V,  so 
is  the  other.    Also  the  transformation 

co'  =  T(co)  =  -l/a,, 
or,  which  is  the  same  thing, 

x'  +  y'%  =  —  

*       x2  +  y2 

converts  every  point  &>  on  the  circular  arc  extending  from  p  to  i 
into  a  point  ay'  on  the  arc  from  i  to  (1  +  p). 

A  point  will  be  called  a  reduced  point  if  it  is  either  within  V 
or  on  that  half  of  the  boundary  of  V  which  is  on  the  negative  side 
of  the  axis  of  y.    The  point  %  is  included. 

The  reduced  points  p,  i  are  critical.  The  third  vertex  of  V, 
which  is  at  infinity,  may  also  be  considered  a  critical  point  for  the 
substitution  S  (&>)  =  &>  + 1. 

This  seems  the  proper  place  to  observe  that  from  our  present  point  of  view 
2=  co  simply  means  that  the  absolute  value  of  z  is  infinite,  and  we  shall  have 
no  reason  to  distinguish  between  (say)  z=cc,  a  real  quantity,  and  z=cci,  a 
pure  imaginary.  We  shall  therefore  speak  of  the  point  co .  Perhaps  the 
reader  may  be  assisted  by  considering  the  effect  of  inverting  the  plane  of 
reference  into  a  sphere :  to  every  accessible  point  on  the  plane  will  correspond 
one  point  on  the  sphere,  but  all  the  infinite  elements  of  the  plane  will  be 
represented  by  a  single  point  on  the  sphere,  and  this  representation  will  be 
sufficient  so  long  as  z=cc  can  be  used  without  distinction  for  any  quantity  of 
which  the  norm  is  infinitely  great.  This  is  the  case,  for  instance,  in  the  theory 
of  algebraic  integrals  and  Abelian  functions  as  expounded  by  Riemann.  On 
the  other  hand,  if  we  distinguish  those  complex  quantities  z=x+yi  for  which 
Nm  (z)  is  infinite,  according  to  the  ratio  of  x  to  y,  our  1  infinite '  elements  will 
form  a  linear  multiplicity.  This  is  what  is  done  in  plane  projective  geometry, 
and  it  is  for  this  reason  that  we  speak  of  '  the  straight  line  at  infinity  in  a 
plane.'  A  great  deal  of  misunderstanding  is  avoided  if  it  be  remembered 
that  the  terms  infinity,  infinite,  zero,  infinitesimal  must  be  interpreted  in 
connexion  with  their  context,  and  admit  of  a  variety  of  meanings  according 
to  the  way  in  which  they  are  defined. 

105.  There  are  no  reduced  critical  points  except  i,  p,  oo ,  the 
vertices  of  the  fundamental  triangle. 

For  if. we  put  &>  =  (a  +  i)/y,  the  conditions  that  &>  should  belong 
to  the  fundamental  triangle  are 

a 


7>  0, 


J,    a2  +  1  ^  72, 


7 

and  the  only  integral  solution  is  a  =  0,  y  =  1,  whence  &>  =  i. 


REDUCED  POINTS. 
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Similarly  &>  =  («+  p)/y  is  reduced  only  if  a  =  0,  7  =  1  or  a  =  1. 
7  =  1;  and  of  the  two  points  p,  1  +  p  only  p  is  reduced. 

Obviously  no  rational  or  surd  points  can  be  reduced. 

106.    No  two  reduced  points  can  be  equivalent. 
Suppose,  if  possible,  that 

,    ,    aco  +  £ 

to  and  a>  =  V 

70)  +  0 

are  both  reduced. 

We  have  (by  Art.  102) 


a>0  = 


Nm  (yco  +  8) ' 
now  Nm  (ya>  +  8)  =  72G)ft>0  +  78  (a)  +  o>0)  + 

>72-78  +  S2 
>1, 

with  a  possible  exception  when  either  7  =  0,  8=±1,  or  7=  +  l, 
8  =  0.    Hence,  with  these  possible  exceptions, 

I  o>'  —  Wo  I  <  I  O)  —  ©0 1 . 

J5ut  since  w  =  r-? — 

—  7ft)  +  a 

and  ft)'  is  reduced,  we  have  in  the  same  way 

I  ft)  —  ft)0|  <  I  ft)'—  G)0'  |, 

except  perhaps  when  either  7  =  0,  a  =  ±  1,  or  a  =  0,  7  =  +  1. 
It  is  impossible  that  |  &>'  —  co0'\  <  \co  —  (o0\  and 
I  &)'  —  &></ 1  >  I  &)  —  ft)0 1 
simultaneously.    Hence  it  is  sufficient  to  examine  the  cases 

7  =  0,  a  =  S=l 

and  7  =  +  1,       a  =  8  =  0, 

whence  also  /3  =  +  1. 

The  first  case  gives        w  =  a>  +  /3, 

so  that  if  {x,  y)  are  the  coordinates  of  the  point  &),  those  of  a>  will 
be  (x  +  /3,  y).  Now  /3  is  at  least  equal  to  1  numerically,  and  since 
the  width  of  V  is  just  equal  to  1,  it  follows  that  &)  and  &/  cannot 
both  be  reduced. 

In  the  second  case         <o'  =  —  1/co, 

whence  Nm  (w) .  Nm  (&/)  =  1. 


114 


BINARY  QUADRATIC  FORMS. 


If  Nm  (<o)  >  1,  Nm  (©')  <  1  and  oaf  cannot  be  reduced :  similarly 
if  Nm  (©')  >  1,  a)  is  not  reduced.  If  Nm  (g>)  =  1,  o>  can  only  be 
on  the  circular  arc  going  from  p  to  i,  and  then  <o'  =  —  1/co  is  on 
the  arc  going  from  i  to  p  + 1,  and  is  consequently  not  reduced. 
(Cf.  Art.  104.) 

107.  We  shall  now  state  and  prove  a  proposition  the  object 
of  which  may  not  be  very  evident :  it  is,  in  fact,  preparatory  to 
the  important  theorem  which  follows  it. 

Within  the  area,  above  the  axis  of  x,  which  is  enclosed  by  the 
parallel  lines  x  =  ±  J  and  the  line  y  =  c,  where  c  is  a  finite  positive 
quantity,  there  can  only  be  a  finite  number  of  points  equivalent 
to  a  given  point  co,  the  ordinate  of  which  exceeds  c. 

Let  (o  =  f;  +  r)i,  where  rj  >  c. 

Then  if  a>  =  =  x  +  yi  be  an  equivalent  point, 


Therefore  if  y  >  c, 

72(f2  +  ^)  +  Mf  +  ^2<Vc, 
that  is,  (f 7  +  B)2  +  ipf  <  rj/c. 

Now  since  the  expression  on  the  left-hand  side  is  the  sum  of 
two  squares  and  f,  t)  are  real,  it  is  clear  that  only  a  limited 
number  of  real  integers  y,  8  can  be  found  to  satisfy  the  inequality. 

Suppose  that  (7',  SO  is  any  suitable  pair  of  values,  7',  8'  being 
relative  primes.    Then  if  a,  ft'  are  any  integers  such  that 

a'S'-£y=l, 

the  most  general  solution  of  a8'  —  @y'  =  1  is 

a  =  a  +  my', 

m  being  any  integer. 

Hence  <o  =  —.  ^  =   ft,  +  m. 

7C0  +  0     70)  +  0 

Suppose,  now,  that  we  consider  points  on  the  boundary  x  —  -\ 
as  belonging  to  the  area  defined  in  the  enunciation,  but  points  on 
x  —  -\-\  as  being  outside  of  it.  Then  it  is  possible  in  one  way 
only  to  determine  the  integer  m  so  that  the  conditions 

-\^x<\ 


REDUCTION  UNIQUE. 
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may  be  satisfied.  Therefore  for  every  combination  (y',  &')  in 
which  y,  S'  are  relative  primes,  and  (7^  +  B')2  +  <y'2rf  <  rj/c,  we 
obtain  one  and  only  one  point  co',  equivalent  to  co,  within  the 
area  denned  by  —  J  ^  x  <  J ,  y'  >  c.  The  number  of  these  points 
is  therefore  finite. 

108.  We  are  now  able  to  prove  the  fundamental  proposition, 
that 

Every  point  above  the  axis  of  x  is  equivalent  to  one  and  only  one 
reduced  point. 

Let  o)  =  f  +  rji,  where  77  >  0. 

The  integer  m  may  be  uniquely  determined  so  that 


then  the  ordinate  of  co"  —  77/Nm  (co')  >  n,  except  when  Nm  (co')  =  1. 
If  Nm  (o/)=  1,  either  co'  or  co"  is  reduced.  If  otherwise,  let  m'  be 
chosen  so  that 

co'"  =  co"  +  ra'  =  x"  +  y"'i 
satisfies  the  conditions 


and  if  co'"  is  not  yet  reduced  put  coiv  =  —  1/co"'.  Then,  as  before, 
the  ordinate  of  coiv  exceeds  that  of  co'"  and  a  fortiori  that  of  co. 
By  proceeding  in  this  way  we  must  at  last  arrive  at  a  reduced 
point,  because  the  points  co',  co"',  etc.,  all  lie  within  the  area 
defined  by 

and  by  the  preceding  lemma  this  area  contains  only  a  finite 
number  of  points  equivalent  to  co. 

Thus  it  has  been  proved  that  to  every  point  co  above  the  axis 
of  x  an  equivalent  reduced  point  can  be  found.  Further,  if  co 
were  equivalent  to  two  different  reduced  points,  these  reduced 
points  would  be  equivalent  to  each  other ;  but  this  has  been 
proved  to  be  impossible  (Art.  106);  therefore  the  reduction  is 
unique. 


-£s*"'< 


i; 
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109.  If  a  non-critical  reduced  point  is  transformed  by  two 
different  substitutions  ,         ^  the  transformed  points 

cannot  be  identical. 

For  if  they  were,  the  substitution 

which  is  not  identical,  would  transform  the  reduced  point  into 
itself;  but  this  is  impossible. 


110.  It  follows  from  the  propositions  just  proved  that  by- 
means  of  the  group  of  proper  unitary  substitutions,  that  part 
of  the  plane  of  reference  which  lies  above  the  axis  of  real 
quantities  is  divided  up  into  an  infinite  number  of  equivalent 
triangles.  A  few  of  these  are  shown  in  the  figure,  where,  as 
before,  the  fundamental  triangle  is  shaded.  The  triangles  fill 
up  the  half-plane  completely,  without  overlapping :  as  we  ap- 
proach the  axis  of  abscissae,  the  triangles  become  smaller  and 
smaller,  and  are  ultimately  infinitesimal.  Every  rational  point 
on  the  axis  of  x  is  the  common  vertex  of  an  infinity  of  triangles ; 
no  other  point  on  this  axis  belongs  to  any  of  the  triangles. 

It  may  be  observed  that  the  whole  number  of  triangles  is  an 
infinity  comparable  with  n3,  where  n  is  an  indefinitely  large 
positive  integer. 

The  propositions  which  immediately  follow  are  intuitively 
evident  from  the  figure ;  they  may  be  rigorously  proved  with 
the  aid  of  the  preceding  articles. 


ELEMENTARY  SUBSTITUTIONS. 
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Every  triangle  is  surrounded  by  three  adjacent  triangles,  each 
of  which  is  separated  from  it  by  one  of  its  sides. 

Every  p-point  is  a  common  vertex  of  six  contiguous  triangles. 

The  angles  of  every  triangle  are  0,  tt/3,  tt/3,  and  its  vertices 
are  at  a  rational  point  and  two  p-points  respectively. 

111.  Suppose  that  a  sphere  is  drawn  touching  the  plane  of 
reference  at  the  origin  0 ;  and  let  the  figure  be  projected  stereo- 
graphically  upon  the  sphere  from  the  point  diametrically  opposite 
to  0.  Then  the  triangles  in  the  plane  are  projected  into  triangles 
on  the  sphere  bounded  by  arcs  of  small  circles ;  and  we  have  the 
whole  surface  of  a  hemisphere  divided  up  into  a  series  of  triangles, 
which  may  be  considered  equivalent  as  before  (cf.  Art.  104).  In 
particular,  the  size  of  the  sphere  may  be  so  arranged  that  the 
point  %  in  the  plane  is  projected  into  the  pole  of  the  great 
circle  which  bounds  the  hemisphere ;  the  spherical  figure  then 
becomes  symmetrical. 

112.  The  whole  theory  of  the  reduction  of  definite  quadratic 
forms  may  now  be  summed  up  by  saying  that  a  reduced  form  is 
one  of  which  the  principal  root  corresponds  to  a  point  which 
belongs  to  the  fundamental  triangle  ;  and  that  Lagrange's  process 
of  reduction  is  a  methodical  way  of  discovering  the  substitution 
whereby  the  triangle  in  which  the  principal  root  of  any  given 
form  may  lie  is  transformed  into  the  fundamental  triangle. 

The  successive  substitutions  by  which  the  reduction  is  effected 
are  all  of  the  type 

o)=8  —  l/a>',  or  co' =  1/(8  —  co); 
and  this  may  be  considered  as  compounded  of 

&>!  =  ft)  —  8 

and  &)'  =  —  1/(0!. 

Now  the  substitution  o)1  =  co—  $  is  the  (—  B)th  power  of 
&)'  =  &)  +  1 ;  so  that  we  have  incidentally  a  proof  of  the  important 
proposition  that 

Every  proper  unitary  substitution  may  be  expressed  as  a 
product  of  powers  of  the  elementary  substitutions 

S=(o,  1)'         <•'  —  +  !>. 
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The  substitution  S,  which  is  parabolic,  corresponds  to  a 
translation  through  unit  distance  parallel  to  the  axis  of  sc. 
The  substitution  T,  which  is  elliptic,  and  of  period  2,  is 
equivalent  to  inversion  with  respect  to  the  unit-circle 

#2  +  3/2-1  =  0 

followed  by  reflexion  with  respect  to  the  axis  of  y. 

The  substitution  ST=  or  &>'  =  (&)-  l)/a>  is  elliptic  and 

of  period  3  :  for  it  may  be  written 

a/-Q)-bl)        &)-Q?  +  l) 
<d  +  p        P      to  +  p 

Hence  (OT)3  =  1;  that  is,  STSTST=1.  Besides  this,  and 
T2  =  l,  there  are  no  other  independent  identical  relations  con- 
necting S  and  T;  this  follows  from  the  fact  that  the  critical 
points  with  elliptic  substitutions  may  be  arranged  in  the  two 
groups  of  i-points  and  p-points  (cf.  Art.  99).  Each  identical 
relation  may  be  deduced  by  making  a  circuit  round  an  i-point 
or  a  p-point,  as  the  case  may  be. 

113.  Within  each  triangle  in  fig.  4  is  written  a  symbol  for 
the  geometrical  transformation  by  which  it  is  derived  from  V. 
It  should  be  observed  that  on  account  of  STSTST=1,  and  T2  =  1, 
the  transformations  may  be  written  in  a  great  variety  of  ways ; 
also  that  the  order  of  composition  of  the  geometrical  operations 
S,  T  is  from  left  to  right ;  thus,  when  TS  is  placed  inside  a 
triangle  it  means  that  this  is  derived  from  V  by  first  performing 
the  operation  T,  and  then  the  operation  S. 

It  should  also  be  observed  that,  in  conformity  with  the 
definitions  of  Art.  57,  the  substitution  to'  =  ST(to)  means  the 
result  of  combining 

to'  =  toi  +  1 

and  to1  =  —  l/o), 

so  that  the  substitution  co'  =  ST(to)  connects  with  a  reduced  point 
to  a  point  to'  within  the  triangle  marked  TS  in  the  figure  (not 
ST):  and,  in  general,  to  obtain  the  algebraical  substitution 
to  =  R  (co),  which  converts  a  reduced  point  a>  into  any  point  to', 
we  must  reverse  the  symbol  written  in  the  triangle  to  which 
to  belongs. 

• 
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114.  We  will  now  proceed  to  discuss  the  reduction  of 
indefinite  forms. 

The  roots  cox,  o>2  of  a  primitive  indefinite  form  (a,  b,  c)  of 
determinant  D  are  surd  critical  points,  being  unaltered  by  the 
group  of  hyperbolic  substitutions 

f(t  —  bu)ja,     —  cuja  \ 
V    au/<r,      (t  +  bu)l<r)  ' 

where  f  -  Du2  =  a2,  and  dv  (a,  2b,  c)  =  <r  (Arts.  82,  83). 

Now  let  a  circle  be  described  on  the  segment  &)1<o2  as  diameter. 
Its  equation  is 

a  (x2  +  y2)  +  2bx  +  c  =  0. 

This  circle  will  intersect  an  infinite  number  of  equivalent 
triangles  in  the  half-plane  above  y  =  0.  If  one  of  these  is  the 
fundamental  triangle,  the  form  (a,  b,  c)  is  said  to  be  reduced. 

The  condition  for  a  reduced  form  is  evidently  that  one  at  least 
of  the  points  p,  1  +  p  should  fall  within  the  circle 

a  (x2  +  y2)  +  2bcc  +  c  =  0. 

This  leads  to  a  (a  ±  b  +  c)  <  0, 

or,  on  substituting  (b2  —  D)/a  for  c,  and  observing  that  D  is 
positive, 

a2  ±  ab  +  b2'<  D. 

This  may  be  written 

(2a±6)2  +  3&2<4D, 

from  which  it  is  clear  that  only  a  limited  number  of  integers  a,  b 
can  be  found  to  satisfy  the  inequality.  Therefore  the  number  of 
reduced  forms  is  finite. 

115.  If  we  operate  on  a  reduced  form  (a,  b,  c)  with  the 
substitution  8=       ^,  we  obtain  (a,  b',  c'),  where 

b'  =  b  +  a, 

c'  =  a  +  2b  +  c ; 

hence  a  (a  -  V  +  c')  =  a  (a  +  b  +  c), 

so  that  if  a  (a  +  b  +  c)  <  0,  a  (a  -  b'  +  c')  <  0,  and  (a,  b',  c')  is 
reduced. 
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Similarly,  the  operation  $-1=  leads  to  (a,  b\  c')  with 

b'  =  b  —  a, 

c'  =  a-2b  +  c, 

whence  a  (a  +  b'  +  c')  =  a  (a  —  b  +  c) ;  therefore  if  a  (a  —  b  +  c)  <  0, 

(a,  6',  c')  is  reduced. 

Suppose  now  that  a(a  +  6  +  c)>0,  and  a  (a  —  b  +  c)  <  0  ;  then 
the  form  (c,  -  b,  a),  derived  from  (a,  b,  c)  by  the  substitution 

T  =         J j ,  will  be  reduced.    For  it  is  clear  that  (a  +  b  +  c) 

and  (a  —  b  +  c)  have  opposite  signs :  hence  either  c(c  +  b  +  a) 
or  c(c  —  b  +  a)  is  negative. 

The  same  conclusion  follows  if 

a  (a  +  b  +  c)  <  0  and  a  (a  —  b  +  c)  >  0. 

Therefore  if  (a,  6,  c)  is  any  reduced  form  there  will  be,  in 
general,  two  adjacent  reduced  forms  equivalent  to  it ;  if  (a  +  b  +  c) 
and  (a  —  b  +  c)  have  the  same  sign,  these  forms  are  derived  from 
(a,  b,  c)  by  the  substitutions  S  and  #_1 ;  while  if  (a  +  b  +  c)  and 
(a  —  6  +  c)  differ  in  sign,  the  substitutions  are  T  and  either  #  or 
S~l  according  as  a  (a  +  b  +  c)  or  a  (a  —  b  +  c)  is  negative. 

116.  It  may  happen  that  one  of  the  quantities  a  (a  ±b  +  c) 
is  negative,  while  the  other  vanishes ;  in  this  case  (a,  b,  c)  will 
be  called  a  critical  form.  Its  representative  circle  passes  through 
one  of  the  points  p,  p  + 1  and  includes  the  other.  We  have 
a2  ±  ab  +  62  =  i),  so  that  these  critical  forms  will  only  occur  when 
2D  can  be  represented  by  the  form  (2,  1,  2). 

Suppose  that  (a,  b,  c)  is  a  critical  form  with  a  +  6  +  c  =  0  and 
a  (a  —  6  +  c)  <  0  :  then  ab  is  positive.  The  substitution  S  changes 
(a,  6,  c)  into  (a,  —  c,  6)  which  is  not  reduced,  because 

a  (a  —  c  +  b)  =  2a  (a  +  6), 

which  is  positive.  Similarly  the  substitution  T  converts  (a,  b,  c) 
into  (c,  —  b,  a),  which  is  not  reduced,  because 

c  (c  -  b  +  a)  =  2b  (a  +  b)  =  +. 

On  the  other  hand  $-1  converts  (a,  b,  c)  into  (a,  b  —  a,—  Sb) 
which  is  reduced,  because  a  (a  +  b  —  a  —  Sb)  =  —  2ab  =  — ,  and  is 
not  critical  except  when  a  =  26. 
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Moreover,  the  substitution  STS=^'      converts  (a,  6,  c)  into 

(6,  —  a,  c),  which  is  also  critical,  and  then  S  transforms  this  into 
(b,  b  —  a,  —  3a),  which  is  reduced  but  not  critical,  except  when 
b  =  2a. 

Now  if  a  =  2b,  c  =  —  36,  and  the  form  is  (26,  b,  —  36) :  this  is 
primitive  only  when  6  =  +  1 ;  and  similarly  the  primitive  critical 
forms  for  which  6  =  2a,  a  +  6  +  c  =  0  are  (+1,  ±2,  +3).  Therefore 
with  the  single  exception  of  D  =  7,  we  are  able  to  associate  each 
critical  form  with  two  other  reduced  forms,  one  of  which  is  critical, 
and  the  other  not. 

Exactly  similar  reasoning  applies  to  the  other  case  of  critical 
forms.  The  final  conclusion  is  that  the  reduced  forms  may  be 
arranged  in  periods  such  that  each  form  is  converted  into  the  next 
following  by  one  or  other  of  the  five  substitutions 

S,  S~\  T,  STS,  S~lTS-\ 

where  the  last  two  are  only  to  be  applied  to  critical  forms. 

Observe  that  S-'TS^  =  (_     ^  =  (STS)-1  =  TST;  hence  if  we 

put  U  for  STS,  the  five  substitutions  are  S,  S~\  T,  U,  U~\ 

An  example  will  make  this  clearer.  If  D  =  37,  the  periods 
of  reduced  forms  for  the  classes  represented  by  (1,  0,  —37), 
(3,  1,  -12)  are 

I.  (1,  0,  -37),  (1,  1,  -36),  (1,  2,  -33),  (  1,  3,  -28), 
(1,4,-21),  (1,5,-12),  (1,6,-1),  (-1,-6,  1), 
(-1,  -5,  12),...(-1,  6,  1),  (1,-6,-1),  (1,-5,12),... 
(1,  -1,  36). 

II.    (3,1,-12),    (3,4,-7)*,    (4,-3,-7)*,  (4,1,-9), 

(4,  5,  -3),    (-3,  -5,  4),    (-3,  -2,  11),    (-3,  1,  12), 

(-3  4,7)*,   (-4,-3,7)*,    (-4,1,9),  (-4,5,3), 

(3,  -5,  -4),    (3,  -2,  11). 

In  the  second  period  the  critical  form  (3,  4,  —  7)  is  converted 
into  (4,  -3,-7)  by  STS,  and  (-3,  4,  7)  into  (-4,  -3,  7)  by 
S-'TS-K 
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117.  In  tabulating  periods  of  reduced  forms,  we  may  omit 
those  forms  which  are  connected  with  both  the  adjacent  ones 
by  the  substitutions  S,  S"1 ;  the  remaining  forms  may  be  called 
principal  reduced  forms.  Thus,  for  the  two  periods  given  above, 
the  principal  reduced  forms  are 

I.    (1,6,-1),    (-1,-6,1),    (-1,6,1),  (1,-6,-1). 

II.    (   3,4,-7),  (   4,-3,-7),  (   4,5,-3),  (-3,-5,  4), 

(-3,4,    7),  (-4,-3,    7),  (-4,5,    3),  (  3,-5,-4). 

The  characteristics  of  a  principal  reduced  form  (a,  b,  c)  are 
that  either  a  +  b  4-  c  and  a  —  b  +  c  have  opposite  signs,  or  if  one 
of  them  vanishes,  the  other  has  a  sign  opposite  to  a.  Geo- 
metrically, the  representative  circle  of  a  principal  reduced  form 
includes  one  of  the  points  p,  p  +  1,  and  either  excludes  or  passes 
through  the  other. 

For  the  exceptional  case  D  =  7,  there  are  two  periods  of 
principal  reduced  forms ;  of  these  one  is 

(1,  -  2,  -  3),    (1,  2,  -  3),    (2,  -  1,  -  3), 

(2,     1,  -  3), 

and  the  other  is  obtained  by  changing  the  signs  of  the  coefficients 
throughout.    All  the  principal  reduced  forms  are  critical. 

118.  Every  form  is  equivalent  to  at  least  one  reduced  form. 
For  suppose  the  representative  circle  of  the  form  constructed: 
this  will  intersect  an  infinite  number  of  triangles,  and  the 
substitution  which  transforms  any  one  of  these  into  the  funda- 
mental triangle  will  convert  the  given  form  into  an  equivalent 
reduced  form. 

119.  It  may  be  proved  by  considerations  similar  to  those 
adduced  in  Chap.  III.  that  two  equivalent  reduced  forms  must 
belong  to  the  same  period.  It  does  not  seem  worth  while  to 
give  the  proof  in  detail ;  it  may  be  observed,  however,  that 
with  regard  to  the  automorphs  derived  from  the  periods,  and 
the  corresponding  chain-fractions  obtained  from  them,  a  distinc- 
tion has  to  be  made  between  periods  which  contain  critical  forms 
and  those  which  do  not. 

Thus  for  D  =  S7  the  non-critical  period 

(1,  6,  -1),  (-1,  -6,  1),  (-1,  6,  1),  (1,  -6,-1) 
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leads  to  an  automorph  of  (1,  6,  —  1)  in  the  form 

TS~12TS12  =  (  1'  12) 
V12,  145/' 

and  exactly  as  in  the  Gaussian  theory  we  obtain  from  this  the 
expansion 

V37  -  6  =  (0 ;  12). 
On  the  other  hand,  the  period  of  (3,  4,  —  7)  leads  to  the 

(25  84\ 
36'  121J  ,  and  the  corresponding 

expansion 

V37  -  4  *  * 

-3,  -4,  3,  4). 

120.  In  conclusion,  a  word  may  be  said  about  the  geometrical 
meaning  of  the  automorphic  substitutions.  The  infinity  of  tri- 
angles which  have  a  common  vertex  at  a  rational  point  may  be 
said  to  form  a  sheaf  of  triangles.  In  particular,  those  which 
have  a  common  vertex  at  infinity  may  be  said  to  constitute 
the  primary  sheaf. 

Suppose  now  that  £'  is  a  sheaf  with  its  vertex  at  the  rational 
point  —8/7,  where  7,  B  may  be  taken  as  relative  primes. 
Determine  a,      so  that  ah  —  fiy  =  1 ;  then  the  substitution 

,    aco  +  8 

ft)  =  — 

J  CO  +  o 

will  transfer  the  point  —  8/7  to  infinity,  and  2'  will  therefore  be 
transformed  into  the  primary  sheaf  X. 

The  most  general  substitution  by  which  this  is  effected  is 

fJ     (a  +  my)  w  +  (ft  +  mS) 

w  =  

yco  +  0 

=  co'  +  m, 
where  m  is  any  integer. 

Now  the  substitution  &>"  =  ft>'  +  m  simply  produces  a  cyclical 
permutation  of  the  triangles  of  the  primary  sheaf :  hence  we  see 
that  it  is  always  possible,  and  in  one  way  only,  to  transform  any 
sheaf  X'  into  the  primary  sheaf  so  that  any  assigned  triangle  of  2)' 
may  become  the  fundamental  triangle  V.  More  generally,  any 
sheaf  2'  may  be  uniquely  transformed  into  any  other,  X",  so 
that  any  assigned  triangle  of  2'  may  be  converted  into  an 
assigned  triangle  of 
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It  is  now  evident  that  the  representative  circle  of  any  form 
will  intersect  the  same  number  of  triangles  in  every  sheaf  which 
it  crosses:  this  number  being  equal  to  the  number  of  reduced 
forms  in  its  complete  period  as  denned  in  Art.  116. 

The  effect  of  applying  an  automorphic  substitution  is  to 
produce  a  cyclical  permutation  of  the  sheafs  which  are  crossed 
by  the  representative  circle  of  the  form :  that  is  to  say,  if  we 
represent  the  series  of  sheafs  in  order  by 

 ^— m>  ^— m+ij  ^— 1>  ^o>  ^2  %n>  Sn+i  > 

they  will  be  changed  into 

 %—m+h>  %-m+i+h>  i+h>  %h>   %n+h>  ^n+i+h  > 

where  ft  is  some  integer. 

In  particular,  the  fundamental  automorph 

((T-bU)/*,  -cU/cr  \ 
[     aU/a,  (T+bU)ja) 

will  convert  each  sheaf  into  a  consecutive  sheaf. 

The  sheafs  divide  the  upper  half  of  the  representative  circle 
into  an  infinite  number  of  equivalent  arcs ;  and  the  effect  of 
applying  the  fundamental  automorph  is  to  transform  each  of 
these  into  the  next  following. 


Method  of  Nets. 

121.  Another  useful  geometrical  method  is  that  of  reseaux,  or 
nets.  Let  the  plane  of  reference  be  divided  up  into  a  system  of 
equal  and  similar  parallelograms  by  means  of  two  sets  of  equi- 
distant parallel  straight  lines ;  such  a  system  will  be  called  a  net, 
each  of  the  parallelograms  a  mesh,  and  each  point,  where  two  lines 
cross,  a  node. 

Through  any  node  0  draw  two  rectangular  axes  OX,  OY 
(fig.  5).    Then  if  OPRQ  is  a  mesh  with  one  vertex  at  0,  and  if 

^=p  +  qi, 
ur2  =  r  +  si, 

are  the  complex  quantities  corresponding  to  P  and  Q,  the  net  is 
completely  defined  by  •car2  and  may  be  denoted  by  (wj,  wa). 
The  system  of  nodes  is  given  by 

z  =  mtxx  +  nzr2, 
where  m,  n  have  all  possible  integral  values,  zero  included. 
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The  quantity  ps  —  qr  measures  the  area  of  the  parallelogram 
OPRQ:  it  is  called  the  norm  of  the  net,  and  written  Nm^,  w2). 


Y  \     \     \     I  I 

^\q^X-A — r 

1    1  \ 

9j  _____/_——/  "f^  t~~ 

Fig.  5. 

Let  o,  /3,  7,  8  be  any  integers  such  that  aS  —  fiy  =  1 :  then  if 
w3'  =  /3«r1  +  8ot2, 

the  net  (tsra',  w2')  has  the  same  nodal  system  as  (w„  w2).  Two 
such  nets  are  said  to  be  properly  equivalent,  and  we  may  write 
(wi,  «r2')  co  (*ru  «r2). 

More  generally,  if  aB  —  fiy  =  n,  a  real  integer,  all  the  nodes  of 
(«r/,  w2 )  will  belong  to  the  nodal  system  of  (vru  ct2)  but  not  con- 
versely ;  in  this  case        ot2')  is  said  to  be  a  multiple  of  (w„  sr2). 

It  is  easily  verified  that 

Nm  (or/,  «72')  =  (aS  —  #7) .  Nm  («r1}  «r2), 
and  hence,  in  particular,  if 

«,  W)  °°  (^i,  ^2),  Nm  («r/,  «r2')  =  Nm  (ctj,  «r2). 

122.  Suppose,  now,  that  /  =  am2  +  2bmn  +  cn2  is  a  definite 
form  of  determinant  —  A  ;  then 

af=(am  +  brif  +  An2 

=  Nm  {ma  +  n  (6  +  iVA)}. 

This  suggests  that  the  form  af  may  be  represented  by  the  net 
(a,  b  +  iVA) ;  and  in  the  same  way  if /'  =  a'm2  +  2b' mn  +  cn2  is  the 
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form  into  which  f  is  converted  by  the  substitution  ^  '  ^  J  we  may 

say  that  af  is  represented  by  the  net  (isr1}  ot2),  where 

^  =  aa  +  7  (b  +  *VA), 

ot2  =  £a  +  B  (b  +  iVA). 

If  s1}  s2  a-1"©  the  lengths  of  the  sides,  and  dlt  d2  the  lengths  of 
the  diagonals  of  a  mesh  of  the  net  (-5^,  «r2),  we  have 

s*  =  (aa  +  yb)2  +  72A  =  aa', 

s22  =  (/3a  +  &>)2  +  82A  =  ac', 

^  =  (aa+7&  +  /?a+8&)2  +  (7  +  ^A 

=  a(a'+c'  +  26'), 

d22  =  a(a'+c'-  2b'). 

(Cf.  Art.  54.) 

123.  It  is  easily  proved  geometrically  that  every  net  is 
properly  equivalent  to  at  least  one  net  of  which  the  mesh  is  such 
that  neither  of  its  sides  is  greater  than  a  diagonal. 

For  suppose  that  0  is  any  node  of  the  given  net ;  then  there 
will  be  at  least  two  other  nodes  which  are  at  a  minimum  distance 
from  0.  Let  P  be  any  one  of  these ;  then  the  line  OP  produced 
indefinitely  both  ways  will  contain  an  infinite  number  of  nodes. 
Let  this  line  be  moved  parallel  to  itself  until  it  first  passes 
through  another  set  of  nodes;  and  let  Q  be  a  node  on  the  line 
in  its  new  position  which  is  at  least  as  near  to  0  as  any  other 
node  on  the  new  line.  Then  the  parallelogram  OPBQ,  of  which 
OP,  OQ  are  adjacent  sides,  will  be  the  mesh  of  a  net  which  contains 
all  the  nodes  of  the  given  net :  moreover,  it  follows  from  the  way 
in  which  P,  Q  were  chosen  that  OR^OQ^  OP,  while  if  RQ  is 
produced  to  R',  so  that  QR'=  RQ,  R'  is  a  node,  and  PQ  =  OR'^OQ; 
hence  OPRQ  satisfies  the  geometrical  conditions  above  stated. 

Such  a  net  will  be  called  a  reduced  net. 

With  0  as  origin,  let  «r1}  -gt2  be  the  complex  quantities  as- 
sociated with  the  points  P  and  Q;  the  conditions  of  reduction 
are 

1^2 1  ±  ^el- 

If  -S72)  is  a  reduced  net,  we  obtain  four  associated  reduced 
nets  by  variation  of  sign  from  (±^1}  ±  «r8).    Of  these        'sts)  and 
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(atj,  —  ur2)  are  improperly  equivalent,  so  that  one  of  this  pair  must 
be  properly  equivalent  to  the  given  net. 

The  nets  (•cr1,  w2)>  (—  nrXi  —  ot2)  may  be  considered  identical; 
moreover,  if  (tfflt  zr2)  is  reduced,  so  also  is  the  equivalent  net 
(«r2,  —  'ot1),  hence  we  may  add  the  further  condition  |«rx|  =|«r2|. 

The  corresponding  quadratic  form  af  satisfies  the  conditions 
aaf  ^  a  (a!  ±  2b'  +  c), 
ac  ^a(a'  ±  2b'  +  c'), 
ad  ^  ac', 
or,  which  is  the  same  thing, 

|c'|^ia'|^2|6'|. 

These  are  precisely  Lagrange's  conditions  of  reduction ;  so  that 
the  method  of  nets  gives  a  complete  geometrical  interpretation  of 
the  theory  of  transformation  and  reduction  as  applied  to  definite 
forms. 

It  may  be  observed  that  it  immediately  follows  from  the 
geometrical  method  that  if  (a,  b,  c)  is  a  reduced  form,  a  is  the 
numerically  least  of  all  the  numbers  representable  by  forms  of  the 
class  to  which  (a,  b,  c)  belongs,  and  that  if  |c|  >  \  a\,  c  is  the  next 
least  numerically.  This  may,  of  course,  be  proved  analytically; 
and,  in  fact,  it  is  upon  the  existence  of  minimum  representable 
numbers  that  Hermite  has  based  his-  general  theory  of  the  reduc- 
tion of  definite  quadratic  forms. 

124.  It  is  easy  to  see  that,  in  general,  the  geometrical  reduc- 
tion of  a  net  is  unique  ;  there  are,  however,  two  exceptional  cases. 
The  first  of  these  is  when  there  are  two  nodes  P,  P'  nearer  to  0 
than  any  others,  while  there  are  four  nodes  at  the  next  smallest 
distance.  These  nodes  are  the  vertices  of  a  rectangle  with  its 
centre  at  0 ;  and  if  is  the  complex  quantity  corresponding  to 
P,  the  quantities  which  define  the  vertices  of  the  rectangle  may 
be  taken  to  be  +  tsr2,  ±  (cr2  — to-j).  There  will  be  two  reduced  nets 
properly  equivalent  to  the  given  one,  say 

(mu  w2)  and  (vrlt  —  vr1  +  nr2)  ; 
the  corresponding  reduced  forms  will  be  of  the  type  (a,  +  Ja,  c) 
with  jaj  < \c\. 

Secondly,  there  may  be  six  nodes,  all  at  the  same  minimum 
distance  from  0.    They  must  evidently  be  the  vertices  of  a 
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regular  hexagon,  and  the  corresponding  reduced  forms  are  of  the 
type  (a,  ±  \a,  a).  Here  there  are  three  reduced  nets,  say  (*rXl  <bt2), 
(mu  —■ar1  +  w2),  (ot2,  —  w-j  +  w2)  with  tar2  =  e2ni/s .  m1}  but  there  are 
only  two  reduced  forms;  the  reason  being  that  (-572,  —  wj  +  sr,,)  is 

connected  with  (tsrlf  ot2)  by  the  substitution         J^-,  which  is  an 

automorphic  of  (a,  Ja,  a). 

All  this  is  in  agreement  with  the  results  of  Art.  65. 

125.  The  method  of  nets  may  be  extended  so  as  to  apply 
to  the  theory  of  indefinite  forms.  We  may  construct  a  perfectly 
consistent  algebra  of  *  hyperbolic '  complex  quantities  z  =  x  +  yj 
upon  the  lines  indicated  by  the  formulae 

l.j=j.l=j>   j2  =  l> 

(*  +  30)  ±  0*'  +  sfl)  =  (*  ±  x')  +  (y  ±  2/')i> 

(a;  +  yj)  (a?'  +  2/'j)  =  (aw'  +  y^)  +  (*y  +  x'y)j, 
Nm  (a;  +  yj)  =  af  —  y2, 

X  V 

are:  (a?  +  v?)  =  cosh-1  ,         —  sinh-1  .  9  . 

It  is  easily  verified  that 

Nm  M  =  Nm  («).Nm  (/), 

arg        =  arg  z  +  arg  z'. 

Following  the  analogy  of  the  ordinary  theory,  we  represent 
the  quantity  a?  +  yj  by  a  point  whose  rectangular  coordinates  are 
(x,  y)\  then  the  formulae  for  addition  and  subtraction  have  a 
geometrical  interpretation  exactly  the  same  as  that  for  the 
ordinary  theory;  and  the  other  formulae  express  geometrical 
relations  to  the  hyperbola  x2  —  y2  =  1.  Thus  if  P  be  the  point 
corresponding  to  x  4  yj,  and  if  OP  meet  the  hyperbola  in  P' , 
Nm  (x  +  yj)  =  OP  I  OP',  and  arg  (x  +  yj)  is  twice  the  numerical 
measure  of  the  area  of  the  hyperbolic  sector  OAP',  where  A  is 
the  vertex  of  the  hyperbola  on  the  same  branch  with  P'. 

Now  if  f  —  am2  +  2bmn  +  cn2  is  any  form  with  positive  deter- 
minant D,  we  have 

of  =  (am  +  bn)2  -  Dn2 

=  Nm  {ma  +  n{b  +j*JD)}. 
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We  represent  the  form  af  by  the  net  (a,  b  +j\JD),  and  it  follows 
just  as  above  (Art.  122)  that  if 

—  cici  +  y(b  +j*JD), 
the  net  («rx,  w2)  may  De  taken  to  represent  af,  when  /'  is  derived 


126.  If  we  draw  the  lines  x  +  y  =  0,  oc  —  y  =  0,  it  is  geo- 
metrically evident  that  the  net  ct2)  equivalent  to  (a,  b  +j\jD) 
can  be  determined  so  that  the  points  vr1}  vr2  are  on  opposite  sides 
of  one  asymptote  and  on  the  same  side  of  the  other.  For  suppose 
that  OM  is  either  asymptote :  choose  any  two  nodes  P,  Q,  one 
on  each  side  of  OM,  and  on  opposite  sides  of  the  other  asymptote, 
and  let  PQ  meet  OM  in  R.  Then  if  the  triangle  OPQ  contains  no 
nodes  within  it  or  upon  its  perimeter  (except  at  0,  P,  Q),  the  paral- 
lelogram of  which  OP,  OQ  are  adjacent  sides  may  be  taken  to  form 
a  mesh  of  the  required  net :  if  otherwise,  there  will  be  a  point  P' 
within  or  upon  the  perimeter  of  OPR  and  a  point  Qf  within  or 
upon  the  perimeter  of  OQR  such  that  OP'Q  is  a  triangle  without 
any  nodes  except  at  0,  P' ,  Q',  and  then  if  the  quantities  ot/,  -or/ 
correspond  to  P' ,  Q',  either  of  the  nets  («■/,  ot2'),  (at/,  —  ot2')  will 
have  the  property  required ;  and  one  of  these  must  be  properly 
equivalent  to  the  given  net. 

If  we  call  a  net  of  this  kind  reduced,  the  analytical  condition 
for  a  reduced  net  («rl5  -572)  is  that  Nm  (ctj)  and  Nm  (vr2)  must  have 
opposite  signs.    Now  with  the  notation  of  last  Article 


so  that  in  the  form  /'  =  (a',  V ,  c')  the  coefficients  a',  c  will  have 
opposite  signs.  A  form  of  this  kind  may  be  termed  reduced ;  and 
it  immediately  follows  (cf.  Art.  67)  that  every  form  of  determinant 
D  is  properly  equivalent  to  at  least  one  reduced  form,  and  that 
the  number  of  reduced  forms  is  finite. 

It  should  be  carefully  observed,  however,  that  although  the 
number  of  reduced  forms  is  finite,  the  number  of  reduced  nets  is 
infinite.  In  fact,  if  («r1}  w2)  is  a  reduced  net,  it  is  geometrically 
obvious  that  either  (vt1,  zt1  +  m2)  or  (vr1  +  tsr2,  ct2)  is  also  reduced ; 
and  similarly  either  (■sr1,  vt2-'gt1)  or  {vt1-'k2,  <nr2)  is  reduced.  Each 
reduced  net  is  therefore  connected  with  two  adjacent  reduced  nets 


Nm  (ctx)  =  aa! , 


Nm  (c72)  =  ac', 
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by  means  of  one  of  the  substitutions  Q*  ^ ,  ^J*      and  one  of  the 

substitutions         J) »  (_     i)  •    ^n       83,1116  way  every  reduced 

form  is  connected  with  two  adjacent  reduced  forms :  for  instance 
(4,  3,  -  2)  is  converted  into  (8,  1,  -  2)  and  (4,  - 1,  -  4)  by  the 

substitutions       ^  and  ^  respectively. 

The  infinity  of  reduced  nets  belonging  to  a  given  class  may  be 
arranged  into  a  linear  series  by  means  of  the  above  substitutions ; 
the  corresponding  reduced  forms  will  form  a  recurring  series,  and 
everything  proceeds  as  in  the  Gaussian  theory. 


AUTHORITIES. 

The  analytical  theory  of  binary  quadratic  forms  contained  in  Chap.  ILL 
is  based  upon  that  given  by  Gauss  in  Arts.  153 — 222  of  the  Disquisitiones 
Arithmetics:  much  help  has  also  been  obtained  from  the  4th  section  of 
Dirichlet's  Zahlentheorie,  and  Smith's  Report  (1861)  Part  ELL.  The  memoirs 
of  Dirichlet  which  relate  more  particularly  to  this  part  of  the  theory  are 
entitled  Demonstration  nouvelle  oVune  proposition  relative  a  la  the<yrie  des 
formes  quadratiques  (Liouville,  2nd  series,  ii.  (1857)  p.  273),  and  Simplification 
de  la  the'orie  des  formes  binaires  du  second  degre  a  determinant  positif  (ibid, 
p.  353  :  translated,  with  additions,  from  the  Berlin  memoirs  for  1854). 

The  most  important  researches  anterior  to  Gauss  are  those  of  Lagrange 
contained  in  his  Recherches  d Arithme'tique  (Nouveaux  Mem.  de  lAcad.  de 
Berlin  1773,  1775).  Lagrange  considers  forms  of  the  type  Aa?  +  Bxy+Cy\ 
and  distinguishes  them  according  to  the  sign  of  B2-  4 AC  :  he  introduces  the 
ideas  of  transformation  and  equivalence,  and  shews  that  every  form  is  equiva- 
lent to  one  of  a  limited  number  of  reduced  forms.  The  criteria  of  reduction 
are  that  neither  |  A  \  nor  |  C |  is  less  than  \B\:  for  definite  forms,  this  leads  to 
conclusions  similar  to  those  in  the  text,  while  if  D^BP-kAC  is  positive,  it 
follows  that  A,  C  have  opposite  signs,  and  !  B  j  ^  >J\I>.  Correct  classifications 
are  given  for  a  considerable  number  of  special  determinants,  together  with 
the  corresponding  forms  of  linear  divisors  ;  in  fact,  the  memoir  abounds  in 
valuable  and  suggestive  matter,  and  is  well  worth  careful  study.  Still,  the 
improvements  which  Gauss  effected  are  undeniable,  and  he  justly  claims 
credit  (Z>.  A.  Art.  222)  for  the  important  distinction  between  proper  and 
improper  equivalence. 

For  the  history  of  the  Pellian  Equation,  see  Smith's  Report  (1861)  Art.  96. 
The  first  rigorous  theory  of  its  solution  was  given  by  Lagrange :  Solution  oVun 
ProbUme  d Arithme'tique  (Miscell.  Taurin.  t.  iv.  (1766 — 9),  or  Oeuvres,  t.  i.  p. 
671).    A  list  of  fundamental  solutions  of  T2-DU2  =  1  up  to  D=>  1000  will  be 
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found  in  Legendre's  Theorie  des  Nombres.  Degen's  Canon  Pellianus  gives 
also  the  partial  quotients  for  the  recurrent  expansion  of  JD. 

Many  of  Euler's  memoirs  relate  to  special  problems  of  the  theory  of 
quadratic  forms  :  the  reader  is  referred  to  the  analytical  table  of  contents 
prefixed  to  the  Comment.  Arith.  (t.  i.  p.  lx). 

The  geometrical  method  employed  in  the  earlier  part  of  Chap.  iv.  first 
arose  in  connexion  with  the  theory  of  elliptic  modular  functions.  The  best 
authority  on  this  subject  is  Klein's  Vorlesungen  iiber  die  Theorie  der  ellip- 
tischen  Modulfunctionen,  edited  by  R.  Fricke,  of  which  the  first  volume  only 
has  yet  appeared  (Leipzig,  1890).  In  this  work  full  references  are  given  to  the 
numerous  papers  on  the  subject ;  the  part  which  relates  more  particularly  to 
quadratic  forms  will  be  found  on  pp.  163 — 268.  According  to  Klein  (I.e. 
p.  250,  note)  the  first  application  of  the  '  Modultheilung '  to  the  theory  of 
indefinite  quadratic  forms  was  made  by  H.  J.  S.  Smith  in  his  paper  Sur 
les  equations  modulaires,  written  in  1874  and  published  in  the  Atti  dell'  Acc. 
Reale  dei  Lincei,  t.  i.  (1877).  However,  there  can  be  little  doubt  that  the 
modern  development  of  the  modular-function  theory  dates  from  Dedekind's 
letter  to  Borchardt  (Crelle,  lxxxiii.  (1877),  p.  265),  and  is  principally  due  to  the 
researches  of  Klein  and  his  school.  Special  reference  should  be  made  to 
Hurwitz's  Orundlagen  einer  independenten  Theorie  der  elliptischen  Modulfunc- 
tionen (Math.  Ann.  xviii.  p.  528). 

On  the  method  of  nets,  see  Gauss's  review  of  Seeber's  work  on  ternary 
quadratics  (Werke,  ii.  p.  188,  or  Gott.  Anz.  July  1831) ;  Dirichlet,  Ueber  die 
Reduction  der  positiven  quadratischen  Formen  mit  drei  unbestimmten  ganzen 
Zahlen  (Crelle,  xl.  (1850),  p.  209)  ;  Poincare',  Sur  un  mode  nouveau  de  repre- 
sentation ge'ome'trique  des  formes  quadratiques  defmies  ou  indefinies  (Journ. 
de  l'Ecole  Polyt.  cah.  47  (1880),  p.  177). 

An  interesting  modification  of  Gaussian  methods  is  given  by  Hurwitz  : 
Ueber  eine  besondere  Art  der  Kettenbruch:Entwickelung  reeller  Grossen  (Acta 
Math.  xii.  (1889),  p.  367). 

Hermite's  important  memoirs  on  quadratic  forms  will  have  to  be  con- 
sidered later  on  :  it  may  be  mentioned  here  that  the  criteria  for  a  principal 
reduced  form  (Art.  117)  are  enunciated  by  Hermite  in  his  paper  Sur  intro- 
duction des  variables  continues  dans  la  theorie  des  nombres  (Crelle,  xli.  (1851), 
p.  207). 


CHAPTER  V. 


Generic  Characters  of  Binary  Quadratics. 

127.  As  already  explained,  the  classes  of  binary  quadratic 
forms  belonging  to  the  same  determinant  D  may  be  arranged  into 
orders,  according  to  the  values  of  dv  (a,  b,  c)  and  dv  (a,  2b,  c),  where 
(a,  b,  c)  is  any  form  of  the  class  considered.  The  classes  belonging 
to  each  order  may  be  further  arranged  into  groups,  each  of  which 
constitutes  a  genus.  The  principle  of  this  distribution  depends 
upon  a  few  simple  propositions,  the  proof  of  which  will  now  be 
given. 

Let  {a,  b,  c)  be  a  primitive  form  for  which  dv  (a,  2b,  c)  =  a ; 
then  it  is  always  possible  to  assign  integers  x,  y,  prime  to  each  other, 
so  that  (ax2  +  2bxy  +  cy2)/a-  =  n  may  be  prime  to  any  prescribed 
number  m. 

For  suppose  that  p,  p,  p" ...  are  the  different  primes  which 
divide  a/ a,  cj<r  and  m  simultaneously;  q,  q',  q" ...  those  which 
divide  a/a  and  m,  but  not  c/cr;  r,  r' ,  r" ...  those  which  divide  c/a 
and  m,  but  not  a/<r;  finally,  s,  s',  s"...  those  which  divide  m,  but 
not  a/a  or  c/a. 

Let  P=pp'p"... 

Q  =  qq'q"... 
R  =  rr'r" ... 
S  =  ss/s".... 

Since  (a,  b,  c)  is  primitive,  2b/<r  is  prime  to  P.  Now  choose 
x,  y  so  that  both  are  prime  to  P,  x  is  a  multiple  of  Q,  but  prime 
to  R,  y  a  multiple  of  R,  but  prime  to  Q,  xy  a  multiple  of  but 
not  divisible  by  the  square  of  any  of  the  prime  factors  of  S.  This 
may  be  done  in  an  infinite  number  of  ways  and  still  leave  x,  y 
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prime  to  each  other.  The  simplest  way  is  to  put  x  =  QS',  y  =RS", 
where  S  =  S'S"  is  any  resolution  of  S  into  two  factors. 

This  particular  choice  of  x,  y  gives 

n.«*+a*y+^5f,y.(inodg)i 

=  ^ .  x2  (mod  r), 
=  ^  xy  (mod  p), 

=  -  x2  or  -  y2  (mod  s), 

according  as  y  or  x  =  0  (mod  s). 

Here  p,  q,  r,  s  denote  any  prime  factors  of  P,  Q,  B,  S  re- 
spectively ;  and  it  easily  follows  that  n  is  prime  to  P,  Q,  R  and  S, 
and  therefore  also  to  m. 

A  special  case  of  this  theorem,  which  is  often  useful,  is  that  we 
can  always  find  a  number  an  capable  of  primitive  representation 
by  (a,  b,  c)  and  such  that  n  is  prime  to  2D,  or,  which  is  the  same 
thing,  odd  and  prime  to  D. 

128.  Now  suppose  that  (a,  b,  c)  is  a  properly  primitive  form 
of  determinant  D,  and  let  n,  n  be  any  two  integers  prime  to  2D 
and  capable  of  primitive  representation  by  (a,  b,  c).  Then  if  we 
put 

n  =  aa2  +  2bay  +  cy2, 
n'  =  ap2+2b/3$  +  c8\ 

we  have  identically 

nn  =  x2  —  Dy2, 
where  x  =  au/3  +  b  (<x8  +  fty)  +  cyB, 

y  =  aS-  fry. 

(Cf.  Art.  55.) 

From  this  identity  we  draw  the  following  six  conclusions  : — 
I.    If  p  is  any  odd  prime  factor  of  D,  (n\  p)  =  (n'  \p). 
For  since  nn  =  x2  (mod  p),  (nn'\p)  =  1,  and  therefore 
(n\p)  =  (n'\p). 
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II.  I/D  =  S  (mod  4),  (-  1)*      =(-!)*  (n'~lK 

For  nn'  =  #2  —  By2  =  a?  +  y2  (mod  4),  and  since  nn'  is  odd,  one 
of  the  numbers  x,  y  is  odd,  and  the  other  even;  therefore 
nn'  =  1  (mod  4),  whence  n  =  n  (mod  4),  and 
(_  1)£(«-D  =(_  l)i  (»'-«. 

III.  7/D=2  (mod  8),  (-  l)i^-D  =  (-  l)i (»"-*>. 

We  have  nn  =  x2  —  2y2  (mod  8),  and  x  must  be  odd,  so  that 
x2  =  1  (mod  8) ;  also  2?/2  =  2  or  0  (mod  8) :  hence  mi'  =  ±  1  (mod  8), 
and  therefore  n=±n  (mod  8),  n2  =  n'2  (mod  16),  and  the  theorem 
follows. 

IV.  IfB  =  6  (mod  8),  (-  l)*t»«»+W*-u  =  (-  l)i(»'-i)+*<n'2-i>. 

Here  mi  =  a?2  +  2y2  (mod  8),  and  x  is  odd ;  so  that  nn'  =  1  or  3 
(mod  8)  according  as  y  is  even  or  odd ;  therefore  n=n  or 
3w'  (mod  8)  respectively,  and  in  each  case  the  truth  of  the  pro- 
position may  be  verified.  This  is  obvious  if  n  =  n'  (mod  8);  if 
n  =  Sn'  (mod  8),  we  have 

i(n-l)  +  i(n2-l)-i(n-l)-i(n'2-l)  =  i(n-n)  +  i(n2-ri2) 

=  n'  +  n'2  (mod  8) 
=  0  (mod  2). 

V.  //  D  =  4  (mod  8),  (-  =  (-  1  )*<»'-«. 

For  mi'  =  #2  =  1  (mod  4),  and  therefore  n  =  ri  (mod  4). 

VI.  IfB  =  0  (mod  8),  (-  1)*<»-1>  =  (- 1)*<"'-*>4  and 

In  this  case,  nn'  =  x2=l  (mod  8),  and  therefore  n  =  n  (mod  8). 

It  will  be  observed  that  these  theorems  express  properties 
which  are  common  to  all  odd  numbers,  prime  to  D,  representable 
by  the  given  properly  primitive  form. 

Thus  theorem  I.  states  that  these  numbers  are  all  quadratic 
residues  of  p  (an  odd  prime  factor  of  B),  or  else  all  non-residues ; 
theorem  II.  asserts  that  when  B  =  3  (mod  4),  the  numbers  in 
question  are  all  of  the  form  4>k  + 1,  or  else  all  of  the  form  4&  -I-  3  ; 
and  so  on. 

129.  Let  p,  p'}  p' ...  be  the  different  odd  prime  factors  of  B ; 
and,  as  above,  let  n  be  any  odd  number  prime  to  B  and  represent- 
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able  by  the  properly  primitive  form  (a,  6,  c).  Then  it  has  been 
proved  that  the  symbols 

(n\p),  (n\p'),  (n\p")... 

will  have  values  which  may  (and  in  fact  do)  depend  on  the  form 
(a,  b,  c),  but  not  upon  the  particular  value  of  n.  They  are  called 
the  quadratic  characters  of  the  form. 

Besides  these,  except  when  D  =  1  (mod  4),  there  will  be  one 
or  more  supplementary  characters.    Putting,  for  convenience, 

(_  i)i(»-D  =  X}  (_  i)i(«2-D  =  ^, 
the  supplementary  characters  are  for 

D  =  2,  3,  4,  6,  7,  0  (mod  8), 

ir>  x>  x>  xf>  x>  x  and  + 

respectively. 

The  totality  of  all  the  particular  characters  of  any  form, 
quadratic  and  supplementary,  makes  up  its  complete  or  generic 
character.  Since  any  number  representable  by  (a,  b,  c)  is  repre- 
sentable  by  any  other  form  of  the  same  class,  we  may  speak  of 
the  generic  character  of  a  class.  Classes  which  have  the  same 
complete  character  are  said  to  belong  to  the  same  genus. 


130.  The  following  table,  taken  from  Dirichlet  (Crelle,  xix. 
(1839),  p.  338),  shows  in  a  convenient  form  the  assignable  characters 
of  properly  primitive  classes.  In  every  case,  S2  denotes  the  largest 
square  which  divides  D,  so  that  D  =  PS2  or  2PS2  where  P  is  a 
product  of  different  odd  primes  p,  p,  p",  etc. ;  finally  r,  r',  r",  etc. 
are  the  odd  prime  factors  of  S  which  do  not  divide  P.  The  object 
of  the  vertical  line  which  separates  the  particular  characters  into 
two  groups  will  be  seen  afterwards. 


S=l  (mod  2) 
£=2  (mod  4) 
8=0  (mod  4) 


I.    D  =  PS2,  P  = 

(n\p),  (n\p'),  ... 
{n\p),  (n\p')}  ... 
(n\p),  (n\p),  ... 


1  (mod  4). 

(n\r),  (n\r),  ... 
X,  (n\r),  (n\r'),  ... 
X,  yfr,  (n\r),  (n\r'), 


II.    D  =  PS2,  P  =  3(mod4). 


S=l(mod  2) 
£=2  (mod  4) 
S=0  (mod  4) 


X,  (n\p),  (n\p),  ... 

x>  (n\p')>  ••• 
X>  (*1p)i  (n\p)>-- 


(n\r),  (n\r),  ... 
(n\r),  (n\r'),  ... 
yfr,  (n\r),  {n\r'\ 
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III.  D  =  2PS\  P  =  1  (mod  4). 

8=  1  (mod  2)  I  yjr ,  (n\p)}  (nip'),  ...     (n\r\  (n\r'),  ... 
£  =  0  (mod  2)  I  ^,  (n\p),  (n\p'),  ...     X>  (n\r)>  (n\r')>  ••• 

IV.  D  =  2P£2,  P  =  3  (mod  4). 

£=1  (mod  2)  I  (n\p),  (n\p'\  ...  (n\r),  (n\r'\  ... 
S  =  0  (mod  2)  |  %,  (n\p'\  ...     (n|r),  ... 

131.  It  should  be  observed  that  in  order  to  assign  the  value 
of  a  particular  character  (n\p)  for  a  given  form  (a,  b,  c)  it  is 
sufficient  to  find  a  number  n  'representable  by  (a,  b,  c)  and  prime 
to  p\  and  in  the  same  way  the  supplementary  character  or 
characters  (if  any  exist)  may  be  inferred  from  any  odd  number 
representable  by  the  form.  Now  the  extreme  coefficients  of  the 
form  are  numbers  representable  by  it ;  and  if  (a,  b,  c)  is  properly 
primitive,  one  or  other  of  the  numbers  a,  c  must  be  prime  to  any 
given  prime  factor  of  D,  and  one  or  other  of  them  must  be  odd. 
All  the  particular  characters  of  a  properly  primitive  form  may 
therefore  be  determined  from  its  extreme  coefficients. 

For  example,  let  the  form  be  (6,  3,  13).  Here 
£  =  -69  =  -3.23  =  3  (mod  4), 

and  the  particular  characters  are  (w|3),  (w|23),  and       From  the 
coefficient  13,  which  is  odd  and  prime  to  3,  we  obtain 
x  =  (_l)e  =  +  ],  („|3)  =  (13|3)  =  +  1; 
and  from  the  coefficient  6,  we  find 

(n\ 23)  =  (6 1 23)  =  (2 1 23)  (3 1 23)  =  (+  1)  (+ 1)  =  +  1. 
Therefore  the  total  character  of  the  form  is 

W3)  =  +  i,  W23)  =  +  i,  *  =  +  i; 

or,  as  Gauss  would  express  it, 

1,  4 ;  RS,  i223. 

132.  In  the  case  of  improperly  primitive  forms,  the  characters 
will  be  as  in  the  first  line  of  Dirichlet's  table,  except  that  n  will 
denote  an  odd  number  the  double  of  which  is  represented  by  the 
form.  Here  again,  the  total  character  may  be  assigned  by  inspec- 
tion of  the  extreme  coefficients  of  the  form. 

Thus,  if  the  form  be  (10,  5,  -  4),  for  which  D  =  65  =  5 . 15,  the 
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particular  characters  are  (n  |  5)  and  (n  1 13).  Putting  n  =  —  4/2  =  —  2, 
we  have  (n\ 5)  =(-  2| 5)  =  -  1,  (n|  13)  =  (-  2|13)  =  -  1. 

The  generic  characters  of  derived  forms  may  be  at  once  inferred 
from  those  of  the  primitive  forms  from  which  they  are  derived. 

133.  The  following  tables  are  given  by  way  of  further  illustra- 
tion. For  the  negative  determinants,  representatives  of  the  positive 
primitive  classes  only  have  been  given.  Each  line  of  a  table  gives 
the  total  character  of  a  genus,  and  representatives  of  all  the  classes 
belonging  to  that  genus.  Improperly  primitive  genera,  when  they 
exist,  are  separated  from  the  rest  by  a  horizontal  line.  Derived 
genera  are  omitted. 

2)  ==-96. 


(«|8) 

X 

+ 

+ 

+ 

(1,  0,  96), 

(  4, 

2, 

25) 

+ 

(5,  2,  20), 

(  5, 

-2, 

20) 

(3,  0,  32), 

(11, 

5, 

11) 

+ 

+ 

(7,  3,  15), 

(  7, 

-3, 

15) 

7)  =  -99. 


(»|8) 

(n\ll) 

+ 

+ 

(1,  0,  99), 

(4, 

1,  25), 

(4, 

-1,  25) 

+ 

(5,  1,  20), 

(5, 

-1,  20), 

(9, 

0,  11) 

+ 

+ 

(  2,  1,  50) 

+ 

(10,  1,  10) 

D  =  136. 


(n\l7) 

X 

+ 

+ 

+ 

( 

1, 

0, 

- 136), 

(- 

8, 

0, 

17) 

+ 

+ 

(- 

1, 

o, 

136), 

( 

8, 

0, 

-17) 

( 

3, 

1, 

-  45), 

( 

3, 

-1, 

-45) 

+ 

(- 

3, 

1. 

45), 

(- 

3, 

-1, 

45) 
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D=150. 


(»|8) 

(n\5) 

+ 

+ 

+ 

( 

1,  o, 

-150) 

+ 

(- 

1,  o, 

150) 

+ 

( 

3,  0, 

-  50) 

4- 

(- 

3,  0, 

50) 

I)  =  185. 


(n|5) 

(n\S7) 

+ 

+ 

(  i,  o, 

-185) 

(  5,  0, 

-  37) 

+ 

+ 

(  2,  1, 

-  92) 

(10,  5, 

-  16) 

134.  The  particular  characters  of  the  form  (1,  0,  —  D)  are  all 
4-  1.  This  form  is  called  the  principal  form  of  determinant  D, 
and  the  class  and  genus  to  which  it  belongs  are  called  the 
principal  class  and  principal  genus. 

135.  It  will  be  observed  that  in  each  of  the  above  examples, 
the  number  of  complete  characters  which  actually  exist  is  pre- 
cisely half  that  which  is  a  priori  assignable.  For  instance,  when 
J)  =  —  96,  there  are  three  particular  characters  (n\S),  yjr  ;  and 
since  each  may  be  either  +  or  — ,  the  number  of  complete  charac- 
ters possible  a  priori  is  23  or  8,  whereas  only  four  of  these  actually 
occur. 

It  may  be  proved  by  the  law  of  quadratic  reciprocity  that  at 
least  half  of  the  assignable  characters  of  properly  primitive  classes 
are  impossible.  Thus  if  n  is  a  positive  odd  number  representable 
by  a  form  /  of  determinant  D,  then  (Art.  59)  D  is  a  quadratic 
residue  of  n,  and  therefore  if,  in  the  notation  of  Dirichlet's  table, 
D  =  PS2  or  2P£2,  it  follows  that  P  or  2P,  as  the  case  may  be,  is 
a  quadratic  residue  of  n. 
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Applying  the  generalised  law  of  reciprocity  (Art.  42),  we  have 
in  the  first  case 

(i»  =  l, 
(n\P)  =  (n\P)  (P\n)  =  (-  l)*'""1)  t^-D  ; 

that  is, 

(n\p)  (n\p)...  =xiiP~1]. 
Therefore  if         D  =  PS2,  P  =  1  (mod  4), 
(n\p)(n\p')...=l; 
while  if  D  =  P8\  P  =  3  (mod  4), 

X-(n\p)  (n\p')...  =  l. 
On  the  other  hand,  if  (2P\n)  =  1,  that  is,  if 

(-l)i(r*-D  (P|W)  =  1, 

we  have 

(n\P)  =  (-  l)**"2-1* .  (P\n)  (n\P)  =  ^xh(P~l)  J 
hence  if  Z)  =  2P£2,  P  =  1  (mod  4), 

f.(n\p)(n\p')...  =  l) 
while  if  D  =  2P£2,  P  =  3  (mod  4), 

Comparing  these  results  with  the  table,  it  appears  that  in 
every  case  the  product  of  all  the  particular  characters  in  any  line 
of  the  table  which  are  to  the  left  of  the  vertical  line  of  division 
must  be  equal  to  +  1.  It  is  easy  to  see  that  this  condition 
excludes  precisely  one  half  of  the  assignable  characters. 

The  theorem  that  half  the  assignable  characters  are  impossible 
will  be  subsequently  proved  independently  of  the  law  of  reciprocity, 
thus  affording  a  new  proof  of  that  law;  and  it  will  further  be 
shown  that  actual  genera  always  exist  for  the  remaining  characters, 
and  that  each  genus  of  the  same  order  contains  the  same  number 
of  classes. 

AUTHORITIES. 
Gauss  :  Disq.  Arith.  Arts.  228—232. 

Dirichlet  :  Recherches  sur  diverses  applications  de  V Analyse  injmite'simale 
a  la  ThAorie  des  Nomhres  (Crelle,  xix.  (1839),  p.  324,  or  Werke,  i.  p.  413). 

See  also  Dirichlet-Dedekind,  Zaklentheorie,  Supplement  IV. ;  and  Smith's 
Report,  Art.  98. 


CHAPTER  VI. 


Composition  of  Forms. 

136.    Let        F  =  AX2  +  2BX  Y  +  CY* 

be  any  binary  quadratic  form  of  determinant  D  =  B2  —  AG 
Suppose  that  by  means  of  the  bilinear  substitution 

X=p0xx'+p1xy'  +  p2yx'+p3yy')  (1) 

Y=  q0xx  +  qxxy'  +  q2yx  +  q3yy'\  h 
F  becomes  ff\  where 

f=ax2  +  2bxy  +  cy\  f  =  a'x'2  +  2b' xy'  +  c'y'2 ; 
then  we  say  that  F  is  transformed  into  ff  by  the  substitution 

Wo>  q1}  q2}  qj  ' 

In  all  that  follows  it  will  be  assumed  that  the  coefficients  of 
the  substitution  are  integral ;  and  we  shall  write 

^  =  M2_Mi»   21  =  M3-Mi>    U  =  p2q3-p3q2\ h 
where  observe  that  PU-QT  +  RS  =  0  identically. 

The  substitution,  or  transformation,  is  said  to  be  primitive,  if 
P,  Q,  R,  $,  T,  U  have  no  common  divisor. 

Write  62  -  ao  =  d,    b'2  -  a'c'  =  d! ; 

and  let  M,  m,  m  be  the  greatest  common  divisors  of  A,  2B,  C; 
a,  2b,  c ;  a',  2b',  d  respectively. 

We  may  regard  the  equations  which  define  X,  Y,  as  a  linear 
transformation  of  the  single  set  of  variables  x,  y,  by  means  of 
which  the  form  (A,  B,  G  J  x,  yf  becomes 

{fa,,fb,fc\x,yt. 
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.(3) 


The  determinant  of  the  substitution  is 

qox'  +  qiyf,   q&'  +  qsy'l 

=  Qx'*  +  {R  +  8)x'y'  +  Ty\ 

and  it  follows  from  the  invariant  property  of  the  discriminant 
that 

(f by  ~(fa)(fc)  =  AC), 

that  is,  c?/"2  =  DA2   (4). 

Similarly,  putting 


A'  = 


,(5) 


q<p  +  q&,  q&  +  q%y 

=  Pa?  +  (R-S)xy  +  JJy\ 

we  have  d'f*  =  DA'2  (6). 

Let  8  =  dv(Q,  R  +  S,  T), 

$'  =  dv(P,R-S,  U); 
then  evidently,  by  (4)  and  (6), 

dm'2  =  DS2,   d'm*  =  D5'2. 
Again  let  h-dv  (P,  Q,  R,  8,  T,  U) ; 

then  it  can  be  easily  proved  that 

k  =  dv  (8,  $'). 

For  suppose  dv(8,  8')  =  fj,:  then  fi  divides  P,  Q,  T,  U,  2R,  28, 
and  therefore  either  Jc  —  fi  or  h  —  \fi.    In  the  latter  case  fi  must 
be  even,  P/k,  Q/Jc,  T/k,  U/k  must  all  be  even,  and  R/k,  S/k  both 
odd.    But  this  is  inconsistent  with  the  identity 
R  S^Q  T_P  Ut 

rv       iv  IV       IV  tv  IV 

therefore  k  =  p  =  dv  (8,  8'). 

Hence  Dk*  =  dv  (DS2,  DS'2) 

=  dv(dm'2,d'm2)  (7). 

It  is  clear  that  d/D,  d'/D  are  rational  squares ;  so  that  putting 
d/D  =  n\    d'ID  =  n'*  (8), 

n,  ri  will  be  rational. 

It  has  been  proved  that 

A2  =  w2/2,    A/2  =  w'2/2, 
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we  can  therefore  choose  the  signs  of  n,  n\  so  that 

A  =  n/,    A'  =  tt/; 
having  done  this,  we  find  by  comparison  of  coefficients 

P_R-S_ U _  ) 

a       2b  c 

Q    R  +  S  T 


.(9). 


...(H) 


d~    W  ~c'~n. 
The  form  /  is  said  to  be  taken  directly  or  inversely,  according 
as  n  is  positive  or  negative  :  and  similarly  for/*,  n'. 

It  may  be  verified  that 
AA'  =  (q1q2  -  q0q3)  X2  +  (p0q3  +  p3q0  -p,q2 -p^)  XY 

+  (PxP*-PoPs)Y*  (10) 

identically ;  and  comparing  this  with 

AA' =  nf  .n'f=nn'F,  . 

we  infer  that 

gig2 - gog» _ p0qs ± Mo ~ p& -  Mi  _  jhP* -PqPs  /  nn 

A  2B  G      ~     ""^  j' 

Conversely,  if  the  nine  equations 

P  =  an,    R-S  =  2bn',    U  =  cn' 

Q  =  dn,    R  +  S=2Vn,    T  =  c'n 

-  ?o?3  =  Ann'>  Poq*  +  Mo  -  P&  -  Mi  =  2Snn' 
PiP*-poPz  =  Cnn' 

are  satisfied,  then  the  substitution  1^°'  ^u      ^3  J  will  transform 

\q0,  qi,  q2,  qJ 

F  into  ff. 

Gauss  obtains  the  system  (Q)  by  direct  comparison  of  the  coefficients  in 
the  identity 

(A,  B,  CW,  Y)*=(a,  b,  dfe  jO»x(rfi  ^  *,/)2: 
this  leads  to  nine  equations  such  as 

Ap02 + 2Bp0qQ  +  Cq02  =  aa', 
4-PoPi  +  B  (p0qi  +Piq0)  +  %i = ab\ 
and  so  on  :  from  these  the  equivalent  set  (Q)  is  derived  (see  D.  A.  Art.  235). 
The  simplified  method  here  adopted  is  due  to  H.  J.  S.  Smith  (Report,  Arts. 
106,  107). 

137.    It  follows  from  the  identity 
AX2  +  2BXY+  CY*  =  (aa?  +  2bxy  +  ctf)  (aV2  +  26V/  +  c'y'2) 
that  M  divides  ram'.    It  can  be  shewn  that  mm'  divides  Mk2. 
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For  by  equating  the  coefficients  of  x2,  xy,  y2  in  the  above 
identity,  we  obtain 

2bf'  =  2A—  d^  +  2B(—  d—  +  d—  dJ)  +  2C—  —I 
J  dx  '  dy         \  dx  '  dy     dy  '  dx)         das '  dy  [••• 

(12). 

Multiply,  in  order,  by 

/dry  _dY  dY  fiY 
\  dy  J  '       dx'  dy'  \dx 


and  add ;  thus 


A(d—  dJ.JA  ?IYasLf?iy»26—  — +  cf—  V 

\  dx  '  dy     dy'  dx)     \  \dy )         dx'  dy  \dxl 


Every  term  on  the  right-hand  is  divisible  by  mm' :  hence  the 
expression  on  the  left,  that  is  A  A2,  is  divisible  by  mm'.  In  the 
same  way  we  can  prove  that  2i?A2,  OA2  are  each  divisible  by  mm' : 
and  therefore  mm'  divides  MB2.  Similarly  mm'  divides  MB'2 :  and 
hence  finally  Mk2  =  dv  (MB2,  MB'2)  is  divisible  by  mm'. 

Again  let 

M  =  dv  (A ,  B,  C),   m  =  dv  (a,  6,  c),    m'  =  dv  (a't  V,  c') ; 
then  it  can  be  proved  in  precisely  the  same  way  that  mm'  divides 
ffik2. 

It  will  now  be  supposed  that  k  =  1,  so  that  the  transformation 
is  primitive.  When  this  is  the  case,  F  is  said  to  be  compounded 
of/ and/'. 

It  follows  from  what  has  been  already  proved  that  in  the  case 
of  composition 

D  =  dv(dm'\  d'm2)  ) 

M  =  mm',    ffl  =  0  (mod  mm')  j K  h 

and  also  that 

mn'  =  si  d'm2 ID,  and  m'n  =  \/dm'2/D 
will  be  integers  and  relatively  prime. 

The  second  of  equations  (12)  shews  that  divides  mm' :  and 
in  the  same  way  it  divides  m'm :  hence  if  m  =  m  and  m'  =  m', 
that  is,  if  /,  f  are  both  properly  primitive  or  derived  from  properly 
primitive  forms,  F  is  properly  primitive,  or  derived  from  a  properly 
primitive  form  ;  whereas  in  any  other  case  iftll  =  J  mm'  =  \M,  and 
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F  is  improperly  primitive  or  derived  from  an  improperly  primitive 
form. 

138.    We  are  now  confronted  by  the  fundamental  problem : — 

Given  two  forms  (a,  b,  c),  (a',  V,  c'),  to  find,  when  possible,  a 
form  (A,  B,  G)  compounded  of  them,  each  component  form  being 
taken  in  a  prescribed  way. 

In  order  that  a  solution  may  be  possible,  the  ratio  of  the 
determinants  of  the  given  forms  must  be  a  rational  square. 
Suppose  this  to  be  the  case;  let  d,  d ',  m,  m'  have  the  same 
meanings  as  before,  and  let  D  =  dv  (dm'2,  d'm2)  taken  with  the 
same  sign  as  d,  d'. 

Let  n  =  JdfT),    n'  =  Vd'/D, 

the  sign  of  each  being  taken  positive  or  negative  according  as  the 
corresponding  form  /  or  f  is  to  be  taken  directly  or  inversely. 
Then  n,  n!  are  rational,  and  mn',  mn  are  integers  and  relatively 
prime. 

Hence  by  the  first  six  of  equations  (12),  P,  Q,  R,  S,  T,  U  are 
determined :  and  it  is  easily  seen  that  they  are  all  integral  and 
relatively  prime,  so  that  k  —  1. 

The  next  step  is  to  find  eight  integers  p0,  pu  p2,  p3,  q0,  qlyq2,  q3 
so  as  to  give  P,  Q,  R,  S,  T,  U  these  known  values. 
Consider  the  skew-symmetrical  system  of  equations 
xJJ-%zT  +  ocsS  =  0 

—  XoU        +  oc2R  —  xzQ  =  0 
XoT-XiR        +#3P  =  0 

-  x0S  +  cdjQ  -x2P         =  0 : 

these  are  equivalent  to  two  independent  relations;  for  if  we 
multiply  the  first  three  equations  in  order  by  R,  T,  U  respectively 
and  add,  we  are  led  to  the  identity 

x3(PU-QT  +  RS)  =  0; 
and  similarly  for  any  other  group  of  three. 

Now  let  00,  0J}  02,  03  be  any  multipliers  whatever,  and  put 

Vo=  exP  +  d2Q  +  6sR, 

Vl  =  -  0OP         +  02S  4-  03T, 

y2  =  -  0oQ  -  #iS  +6*U, 

V3  —  —  0qR  ~~  0\T  —  BJJ, 
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then  the  preceding  set  of  equations  may  be  satisfied  (and  in  the 
most  general  manner)  by  putting 

#0  :  #1  :  #2  :  ®s  =  Vo  '  Vi  :  Va> 
We  may  suppose  0O,  0lf  02,  03  to  be  rational,  or  indeed  integral, 
and  chosen  so  that  rj0...rj3  do  not  all  vanish;  and  then  we  may 
suppose  #0,      #2,  x3  to  have  integral  values  proportional  to 

Vo>  Vi>  V*>  Vs- 

Call  these  values  q0,  qu  q2,  q3 ;  we  may  take  them  so  as  to  have 
no  common  divisor,  and  therefore  we  can  determine  four  integers 

7T0,  7Tj ,  7T2,  7T3,  SUch  that 

Further,  let  p0,  plf  p2,  p3  be  the  values  of  rj0,      rj2,  r}3  when 

00,  0\>  02  ,  03  —  7To>  T^l )  7T2,  7T3  J 

then  Po,  px,  p<t,  p3,  qo,  q1}  q2,  <?3  will  be  a  set  of  eight  integers  such 
as  is  required. 

We  have  in  fact 

Poqi  -  Mo  =  (^P  +  7T2Q  +  7T3i2)  ft  +  (7T0P  -  7T2S  -  7T3T)  q0 

=  (7r0q0  +  Wjft  +  ?r2ft  +  7r3ft)  P 
+  7r2(-ft£+ftQ-ftP) 
+  7r3(-q0T+qiR-q3P) 
=  P, 

since  Tivft  +  T^ft  +  7r2ft  +  7r3ft  =  1, 

and  the  coefficients  of  7r2,  tt3  in  the  other  terms  vanish. 

This  is  one  of  the  equations  which  have  to  be  satisfied :  and 
the  rest  may  be  verified  in  a  similar  way. 

It  remains  to  be  proved  that  the  values  of  A,  B,  C  derived 
from  the  last  three  of  equations  (fl)  are  integral.  Returning  to 
the  identity 

[Pa*  +  (R-S)vy  +  Uy2}  {Qx'2  +  (R  +  S)  x'y'  +  Ty'2} 

=  nn'  (AX2  +  2BX  Y  +  OF2), 
and  remembering  the  meaning  of  8,  S',  we  see  that  if  (R  +  8)/8 
and  (R  —  S)/h'  are  both  even,  2 Ann',  2Bnn',  2CW  are  divisible 
by  288'. 

Now  DB2  =  dm'2,  and  therefore  B2  =  wV  :  similarly  B'2  =  mV2, 
and  BB'/nn'  =  ±  mm'  =  an  integer.    If,  then,  as  in  the  case  now 
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considered  Ann' /SB' =  ±  A/mm'  is  an  integer,  a  fortiori  A  is  an 
integer,  and  similarly  B,  C  are  integers. 

On  the  other  hand,  if  either  (R  +  S)/B  or  (R-S)/B'  be  odd, 
then  either  26/ra  or  2h'\m  is  odd,  and  hence  either  m  or  m  is 
even:  2 Ann',  2Bnn',  2Cnn'  are  divisible  by  88',  the  quotients 
(neglecting  sign)  being 

2A/mm',   2B/mm',   2C/mm  ; 

and  since  mm'/2  is  an  integer,  we  conclude,  as  before,  that  A,  B,C 
are  integers. 

139.  It  will  be  observed  that  a  form  F  compounded  of  /,/'  in 
a  prescribed  manner  may  be  found  in  an  infinite  number  of  ways : 
but  it  can  be  shewn  that  all  such  forms  are  properly  equivalent. 

For  suppose  F=(A,  B,  C)  and  F'  =  (A',  B',  C)  to  be  any  two 
such  forms,  and  let 

(Po  ,Pi,P*,  p3\  (Po,  Pi,  Pi,  Pz\ 
Wo>  qlt  q*,  qj '   \qd,  qS,  q*,  q3'J 

be  two  primitive  substitutions  which  transform  F,  F'  respectively 
into  ff. 

Then  pfa'  -  p/qj  =  p0q,  -  p^  =  an' ; 

and  similarly  for  any  other  corresponding  pair  of  determinants. 

Now  let  integers  (01),  (02),  (12),  etc.  be  chosen  so  that 
(01)  (  p0q1  -  pflo)  +  (02)  (  p0q2  -  jkq0)  +  . . .  =  1, 
or  say  t  (X,  fi)  (  p^  -  phqk)  =  1 : 

and  put 

2(V  M>)(Pk'q»-pM  =  a, 
t  (X,  p)  {pkpf-  P»Pk)  =  fi, 

2  (K    (qSq*  -  qM  =  y, 

t  (X,  fi)  (pKq;  -  p„qK')  =  8. 
Then  if  v  is  any  one  of  the  numbers  0,  1,  2,  3, 
«Pv  +  fiq*  =  2  (X,  fi)  [pv  (pk%  -pM  +  qv  {pkpj  -p&k')} 
=  2  (\  fi)  I  Pk  {pvq»  - ptfu)  - p{  (pvqx  - pKqv)} 
=  2  (X,  fi)  { pk'  (  pv V  -  pjqj)  -  p;  (  pv V  -  pk'qj)  | 

=  2(x,  f*)phpk'q*'-pM) 

=  p„'Z  (X,  ^(p^-p^) 

=pj. 
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Similarly  ypv  +  Bqv  =  qv' ; 

and  hence 

apK  +  /3qk,    a/v  +  /3gM 


\q^ 

VP\+BqK,  7Pm+^m| 
=  (aB-ffy)(pKq„-pltqk): 
therefore  aB  —  fty  =  1. 

Now  if  X,  Y  are  the  variables  of  F,  and  X',  Y'  those  of  F', 
X'  =  p0  W  +        +  #>Vy  +  #,'3^' 
=  (ap0  4-  yS^o) 
=  aX  +  /3F, 
and  similarly  Y'  =  yX  +  8  Y ; 

from  which  it  is  clear  that  .F  is  transformed  into  F*  by  the  proper 
substitution  ,  so  that  F,  F'  are  equivalent. 

It  is  obvious  that,  conversely,  if  F  is  compounded  of  f,  f  and 
F  is  properly  equivalent  to  F,  then  F'  is  also  compounded  of  /,  f 
in  the  same  way  as  F  is. 

More  generally,  if  F'  is  transformable  into  ff\  but  not  necessarily  com- 
pounded of  /  and  /',  and  if,  as  before,  F  is  compounded  of  /,  /',  then 
F'  contains  F. 

For  with  the  same  notation  as  before,  we  shall  have 

Po9i  -Pi9o'=k  (PoQi  rPtio),  etc., 
and  it  can  be  shewn  that,  as  before, 

Pv'  =  °Pv  +  Pqv>  qv=YPv=Mvi 

P^'-P^^-MiPtfu-PJx)  : 
hence  a8  -  /3y  =  k, 

and  F'  is  transformed  into  F  by  the  transformation  of  determinant  k  : 

that  is,  F  is  contained  in  F'. 

Many  of  the  succeeding  propositions  may  be  generalised  in  the  same  way. 

140.    Let  /  be  transformed  into  an  equivalent  form  <j>  by 

a>  PS. 


the  substitution  ^     gj  >  *nen  ^  *s  clear  that  F  is  transformed 

into       by  the  substitution 

X  =  (p0z'  +  p,y')  (ax  +  fiy)  +  ( p&'  +  p3y') iyx  +  By), 
Y  =  (  pjc'  +  ?y )  (ax  +  0y)+(  q&'  +  MO  (T*  + 

that  is, 


Wo  +  7?2,         +  Pq0  +  &q2,  Pq 


h  +  ops\ 
i  +  fy8/ ' 
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Let  the  determinants  of  this  matrix  be  called 

P',  q,  R\  S',  T,  u\ 
and  let  <f>  -  (a",  b",  c"). 

Then  we  find  by  direct  calculation 

T'  =  a2P  +  ay(R  -  S)  +  y*U 
=  n'  (aa2  +  26et7  +  erf)  =  a'V ; 
and  similarly  R' -  S' =  Wn', 

Again,  Q'  =  («S -$y)Q  =  (aS  -  £7)  a'n, 

and  so  R'  +  S'  =  2  («S  -  £7)  b'n, 

Finally, 

(<*qi  +  yq3)  (ftq«  +  Bq2)  -  (aq0  +  yq2)  (Bqx  +  8q3) 
=  (aS  -  ^7)  (q^-q0qz) 
=  (a8-  0y)Anri; 

and  similarly  the  other  two  corresponding  expressions  formed  as 
in  the  last  three  of  equations  (fl)  reduce  to 

2  (a8  -  fry)  Bnn',    («8  -  /3y)  Gnn' 

respectively. 

Now  if  <j>  is  properly  equivalent  to  /,  ah  —  fiy  =  1,  and  we 
conclude  that  F  is  compounded  of  f  in  the  same  way  as  it  is 
compounded  of  /  and  /'.  If,  on  the  other  hand,  aS  —  (By  =  —  1, 
so  that  <j)  is  improperly  equivalent  to  /,  F  is  still  compounded  of 
<j>  and  f,  but  n  has  to  be  taken  with  a  different  sign ;  that  is, 
<j>  has  to  be  taken  inversely  or  directly  according  as  f  was  taken 
directly  or  inversely. 

It  follows  that  in  all  problems  of  composition  we  may  sub- 
stitute for  any  form,  taken  inversely,  an  improperly  equivalent 
form,  for  example  its  opposite,  taken  directly.  In  future,  unless 
the  contrary  is  expressly  stated,  it  will  be  supposed  that  all  forms 
which  are  compounded  are  taken  directly. 

141.  'It  is  now  evident  that  we  may  speak  of  the  composition 
of  classes ;  namely,  if  /,  f  are  any  two  forms  belonging  to  classes 
K,  K',  then  any  form  F  compounded  of  them  will  belong  to  a 
perfectly  determinate  class,  which  may  be  said  to  be  compounded 
of  K,  K'  and  denoted  by  KK'. 
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It  is  clear  that  the  symbols  K'K,  KK'  mean  the  same  thing, 
because,  in  compounding  two  forms,  the  process  has  been  sym- 
metrical with  respect  to  the  components. 

A  class  can  always  be  compounded  with  itself:  this  process  is 
called  duplication,  and  the  class  resulting  from  the  duplication  of 
K  is  denoted  by  K\ 

142.  The  composition  of  forms  may  be  treated  in  another, 
and  in  some  respects  a  simpler  way,  which  is  due  to  F.  Arndt1. 

Let  /,/',  d,  d',  m,  m'  have  the  same  meanings  as  before ;  let 
D  =  dv{dm'*,d'm?),   n  =  \ld[D,   n  =  "JWjD. 
Then  we  see,  as  before,  that  mn  and  m'n  are  integers  and  relatively 
prime. 

Now  suppose  that  by  definition 

P  =  an',   Q  =  a'n,   R  =  b'n  +  bn, 

U=cn',    T  =  c'n,    S  =  b'n-bn': 

then  it  follows  from  the  definitions  that  P,  Q,  R,  S,  T,  U  are  all 
integers  and  relatively  prime. 

Let  n  =  dv  (P,  Q,  R) ;  then  we  can  prove  the  following  pro- 
positions : — 

(i)  The  integers  ab',  a'b,  bb'  +  Drm',  are  all  divisible  by  fi. 

(Observe  that  Dun'  =  V dd',  and  is  therefore  an  integer,  since, 
by  supposition,  djd'  is  a  rational  square.) 
We  have 

ab' .  mn'  =  b'mP,  ab' .  m'n  —  m  (aR  —  bP), 

a'b .  m'n  =  bm'Q,  a'b .  mn'  =  m  (a'R  —  b'Q), 

(bb'  +  Dnn) mn'  =  m (b'R  -  c'Q),   (bb'  4-  Dnri)  m'n  =  m' (bR  -  cP). 

Now  all  the  expressions  on  the  right-hand  of  these  equations 
are  divisible  by  fi:  and  since  mn',  m'n  are  prime  to  each  other, 
the  truth  of  the  proposition  is  evident. 

(ii)  In  the  next  place,  aa'  is  divisible  by  fj,2. 
Since       aa' .  mn'  =  a'mP,  and  aa' .  m'n  =  am'Q, 

we  see  that  aa'  is  divisible  by  fi.  Hence  aa'P,  aa'Q,  aa'R  are  all 
divisible  by  fi*. 

1  Crelle,  t.  56,  p.  64  (1859). 
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Again  aa'S  =  ab'Q  —  a'bP, 

aa'T  =  ab'R  -  {bb'  +  Dnn')  P, 

aa'  U  =  a'bR  -  {bb1  +  Dnn')  Q. 

Hence,  and  from  (i),  we  infer  that  aa'S,  aa'T,  aa'U  are  all 
divisible  by  /t2;  and  since  P,  Q,  R,  S,  T,  U  have  no  common 
divisor,  it  follows  that  aa  is  divisible  by  fi2. 

(iii)  Let  aa'/fj?  =  A ;  then  an  integer  B  can  be  found  so  as  to 
satisfy  simultaneously  the  three  congruences 


—,B  =  — 
Q  B_a% 

R  n    W  +  Dnn' 
.  Jo 


y  (mod  ^1). 


Choosing  integers  a,  /3,  y  so  that 

aP  +  /3Q  +  yR  =  p, 

,  ,                    -ry    ab'        a'b  a    bb'  +  Dnn 
let  us  put  B  =  —  .an  .6-\  7; 

then  it  may  be  verified  that  this  value  does  in  fact  satisfy  all  the 
congruences. 

For  we  have 

fjL  (PB  -  ab')  =  P  {ab'a  +  a'b/3  +  (bb'  +  Dnn')  7)  -  fiab' 
=  ab'  (/n  —  /3Q  —  yR)  -  fiab' 

+  P  {a'b/3 +  (bb'  + Dnn')  y} 
=  £  {a'bP  -  ab'Q}  +  7  {(bb'  +  Dnn) P  -  ab'R}. 

Substituting  for  P,  Q,  R  their  values,  and  writing  (b'2  -  a'c') 
for  Dn'2,  this  reduces  to 

{fi  (bn'  —  b'n)  —  yc'n}  aa', 
that  is,  to  - (/3S  +  yT) aa. 

Hence  fi  (PB  —  ab')  =  0  (mod  aa') ; 

and  therefore  — .  B  —  —  =  0  (mod  A ). 

P  /* 

It  may  be  similarly  verified  that  the  other  congruences  are 
satisfied :  in  fact 

fi  (QB  -  a'b)  =  (otS+yU)  aa', 
H  {RB  -  (bb'  +  Dnn')}  =  (aT+/3Q)  aa. 
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Since  P/fi,  Q//jl,  R/fi  are  relative  primes,  it  follows  that  all 
values  of  B  which  satisfy  the  three  congruences  simultaneously, 
are  congruous  (mod  A). 

After  some  easy  reduction,  we  find  that 

fi2  (B*-D)  =  aa'  {oc-V  +  a'c/32  +  cc'72 

+  2b'c/3y  +  26c'7a  +  2  (66'  -  Dnnf)  a/3  J, 
whence  B2  -  D  =  0  (mod  A). 

B2  —  D 

Putting  — 2 —  =  C,  the  form  (A,  B,  C)  will  be  of  determinant 

D,  and  it  can  be  shewn  to  be  compounded  of  (a,  6,  c)  and 
(<*',  6',  c). 

In  fact,  if  we  put 

X  =  fixx  +  —   soy'  +  -   x'y 

CL  & 

66'  +  Dnn  -  B  (bn  +  b'n)  , 

+   aa'  

Tr    an'     ,    a'n  ,      bn'  +  b'n  , 

F=  -  xv  +  —  *y  +  — - — yy, 

all  the  coefficients  of  the  substitution  are  integral,  and  we  have 
identically 

-  (ax  +  by  +  ny^D)  {a'x'  +  b'y'  +  n'yWD)  =,  AX  +  BY+  Y^D, 
A* 

with  a  similar  identity  obtained  by  changing  the  sign  of 
throughout. 

Multiplying  these  together,  we  obtain 

and  therefore,  since  A  =  aa'/fi?, 

that  is,  F  is  transformable  into  ff. 

It  is  easily  proved  that  the  six  determinants  of  the  trans- 
formation are  P,  Q,  R,  S,  T,  U:  hence  the  substitution  is  primitive, 
and  F  is  compounded  of  f  and 

In  every  case,  then,  where  composition  is  possible,  we  can 
compound  (a,  6,  c),  (a',  b',  c')  into  (A,  B,  G),  where 

A  =  aa'/p*, 
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an'  n  _  ah' 


\ 


>  (mod  A), 


b'n  +  bn'_  bb'  +  Dnn 


G  =  {B2-D)/A. 


Here 


D  =  dv(dm\  d'm2); 


n  =  JdjD,    n'  =  jWJI>\ 
fi  =  dv(an,  a'n,  b'n  +  bn'). 


143.  Suppose  that  K,  K',  K"  are  three  classes  the  deter- 
minants of  which  are  in  the  proportion  of  three  square  numbers : 
and  let  f}  f,  f"  be  any  three  forms  belonging  to  them.  Then  by 
compounding  f  and  f  we  get  a  form  of  the  class  KK,  and  by 
compounding  this  with  /",  we  get  a  form  belonging  to  the  class 
{KK')  K".  If  we  first  compound  /'  with  /",  and  then  the  result 
with  /,  we  get  a  form  of  the  class  K  {K'K"). 

It  will  now  be  shewn  that  the  two  forms  obtained  by  these 
different  processes  are  equivalent,  or,  which  is  the  same  thing, 
that  the  classes  {KK')  K"  and  K  {K'K")  are  identical. 


Let  (a,  b,  c),  {a',  V,  c'),  {a"}  b",  c")  be  the  forms  /,/',/"; 


d,  d',  d"  their  determinants,  and  so  on;  the  notation  being  as 
before,  with  the  addition  of  corresponding  symbols  for  /". 

Then  by  Arndt's  process  we  may  compound  ftf  into  {A,  B,  G), 
or  F  say,  where  A  =  aa'//x2,  etc.  as  above.  The  determinant  of  F 
is  D  =  dv  {dm2,  d'm2) ;  and  M=dv{A,  2B,  C)  =  mm. 

By  the  same  process  let  us  compound  F  and  /"  into  a  form 
4>  =  (A,  B,  T). 

Let  A  be  the  determinant  of  <£. 


Let  us  write   v=s/d/A,    i/=Vd'/A,  v"=s/d"/&: 
these  quantities  are  all  rational :  and  moreover  m'm'v,  m"mv', 
mm'v"  are  all  integers,  and  relatively  prime. 


Then 
Now  since 


A  =  tfc;  {Dmn\  d"M2). 
D  =  dv  {dm*,  dm2), 


also 

therefore 


Dm"2  =  dv  {dm'2m"2,  d'm"2m2)  : 
d"M2  =  d"m2m'2 : 
&  =  dv  {dm'2m"a,  d'm"2m2,  d"m2m'2). 


ASSOCIATIVE  LAW  OF  COMPOSITION. 


153 


Further,  let         N  =  =  p/n  =  p'/n'. 

We  have  A  =  A  a"/fi'2  =  aa'a"/fi2fi'2, 

where  fi'  =  dv(A  p",  a"N,  Nb"  +  v"B). 

Now  fi  =  dv  {an',  a'n,  nb'  +  n'b), 

and  therefore  /i/*'  divides  the  following  integers : 

fi.Ap"  =  aa'p", 

an' .  a"N  =  d'ap', 

a'n.  a"N  =  a'a"p, 

(nb'  +  n'b) .  a"N  =  a"  (vV  +  v'b). 

Again,  since  an'B  =  ab'  (mod  fiA), 

therefore     an'  (Nb"  +  p"B)  =  a  (p'b"  +  p"V)  (mod  fiAp"). 

Hence  we  see  that  /z/u/  divides  a  (p'b"  +  p"b')  ;  and  similarly  it 
divides  a'  (p"b  +  pb"). 

Finally,  since      (b'n  +  bn')B  =  bb'  +  Dnn' 

=  bb'  +  App'  (mod  pA), 

we  have 

(Nb"  +  p"B)  (b'n  +  bn')  =  pb'b"  +  v'b"b  +  p"bb'  +  App'p"  (mod  pA  p"\ 
so  that  /if!,'  divides 

pb'b"  +  p'b"b  +  p"bb'  +  App'p". 

It  is  easy  to  see  that  the  seven  integers  aa'p",  a'a"p,  etc.  have 
no  common  divisor  greater  than  p/i' :  hence  putting  fifi  =  a,  we 
have 

<r  =  dv  [a'a"p,  d'ap,  aa'p",  a  (p'b"  +  v"b'), 

a'  (pb"  +  p"b\  a"  (vb'  +  v'b), 

pb'b"  +  p'b"b  +  p"bb'  +  App'p"]. 

It  will  be  observed  that  this  determination  of  <r,  like  that  of  A, 
is  symmetrical  with  reference  to  /,  /',  /". 

Take  X,  Y  to  be  the  variables  of  F,  f ,  rj  those  of  3> :  then  the 
successive  compositions  give  rise  to  the  identities 

—  (ax  +  by  +  vys/b)  (a'x'  +  b'y'  +  p'y'*JA) 

=  AX  +  BY+NYJA  (i), 

and      i  (AX  +  BY+  NYJ&)  (a"x"  +  b"y"  +  p"y'W&) 

=  A?  +  B7/  +  77VA  (ii). 
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Hence  by  substitution 
Af  +  B17  +  rjs/A 

=  \ax+by+vys/k)(a'x'+b'y'Wy'\/&)(a"x"+b"y"+v"y">JA)..  (iii). 

Now  it  follows  from  (ii)  that  f,  rj  are  lineo-linear  functions  of 
x",  y",  X,  Y  with  integral  coefficients :  and  from  (i)  that  X,  Y  are 
similar  functions  of  x,  yy  x,  y'  with  integral  coefficients :  hence 
f,  7)  are  trilinear  functions  of  x,  y,  x',  y',  x",  y"  with  integral 
coefficients. 

Multiplying  out  the  right-hand  side  of  (iii)  and  comparing 
with  the  left-hand  side,  we  have 

a'a"v  ,  „      a"av    „    .    aa'v"    ,  ,, 
t]  =  — —  xx  y  -\  x  xy  H  xx y 

.  a(v'b"  +  v"V)     ,  „    a'(v"b  +  vb")  ,  „    ,  a"(vb'  +  v'b)  „  , 

+  — —  -ocyy  +— —  xyy  +  — —  #  yy 

vb'b"  +  v'b"b  +  v"bb'  +  kvv'v"     ,  „ 

+  —  — yyy  , 

and  it  has  in  fact  been  proved  that  all  the  seven  coefficients  are 
integral  and  relatively  prime. 

We  have 

<rAf  =  (ax  +  by)  (a'x'  +  b'y' )  (aV  +  b"y") 

+  A  {vv"  (ax+by)y'y" +v"v(a'x' +b'y')y"y  +  vv(a"x'' ' +b"y")yy'\ 
—  (tBtj, 

and  hence  we  conclude  that  B  simultaneously  satisfies  the  fol- 
lowing seven  congruences : — 

a'a"b-va'a"B  =  Q 
a"ab'  —  vd'a  B  =  0 
aa'b"  -v"aa'B  =  Q 


(mod  <rA). 


ab'b"  +  Aav'v"  -  a  (v'b"  +  v"V)  B  =  0 
a'V'b  +  AaVV  -  a'  (v"b  4-  lb")  B  =  0 
a"bb'  +  Aa' V  -  a"  (vV  +  v'b)  B  =  0 

bb'b"  +  A  (bv'v"  +  Vv"v  +  b"w') 

-  (vb'b"  +  v'V'b  +  v"bb'  +  Avv'v")  B  =  0 

Again  since  B  is  determinate  (mod  A),  and  since  in  the 
above  congruences  all  the  coefficients  of  B  are  divisible  by  a,  it 
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follows  that  the  seven  integers  a'a"b,  a"ab',  aa'b",  ab'b"  +  Aaz/V, 
a'b"b  +  ka'v'v,  a"bb'  +  Aa'W,  bb'b"  +  A  (bv'v"  +  b'v'v  +  b"vv)  are 
all  divisible  by  a,  and  that  the  congruences  may  be  replaced  by 

^_^'BH0(modA), 
<r  a  J 

and  so  on. 

Now  suppose  that  by  Arndt's  process  we  first  compound  f  and 
/"  into  I  and  then  compound  F'  and  /  into  (A',  B',  V)  :  and  let 
a',  A'  be  the  quantities  corresponding  to  cr,  A.  Then  it  follows 
from  symmetry  that  a  =  a  and  A'  =  A :  hence  A'  =  A,  and  there- 
fore the  congruences  satisfied  by  Br  are  the  same  as  those  satisfied 
by  B :  hence  the  forms  (A',  B',  V),  (A,  B,  T)  are  equivalent,  and 
we  may  in  fact  suppose  them  identical. 

This  proves  that  (KK')  K"  =  K  {K'K"),  and  the  symbdlical 
notation  for  the  composition  of  classes  is  fully  justified,  because 
the  commutative  and  associative  laws  of  multiplication  are  both 
satisfied1.  Instead  of  (KK')  K"  or  K  (K'K")  we  may  write 
without  ambiguity  KK'K"  and  call  this  the  class  compounded  of 
K,  K\  K". 

As  an  example  of  the  direct  composition  of  three  forms,  let 

/=(2,  1,2)   /'  =  (4,1,7)  /"  =  (3,0,4). 
Here  d=  -3,    d'=  -27,  cT=-12, 

m=    2,   m'=      1,  m"=      1  : 
and  hence  A=-3,    i/=l,    i/'  =  3,  v"=2. 

We  find  <r=dv(l2,  18,  16,  4,  8,  12,  -16) 


and  therefore  A  =  2 .  3 . 4/22 = 6. 

The  congruences  to  be  satisfied  by  B  are 
6-6b=e0  \ 
3-9B  =  0 
8B  =  0 
18  +  2B  =  0  }■  (mod.  6), 
12  +  4B  =  0 
12  +  6B  =  0 
12  +  8B  =  0  / 
whence  B  =  3    (mod.  6). 


1  The  distributive  law  is  not  required,  since  such  a  symbol  as  K+  K'  will  not 
occur.  Gauss  writes  K+K'  instead  of  KK1 :  this,  of  course,  is  equally  legitimate, 
but  not  quite  so  convenient  or  suggestive. 
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Taking  B  =  3,  we  have 

A 

so  that  the  result  of  the  composition  is 

(6,  3,  2)~(2,  1,  2). 

This,  of  course,  might  have  been  foreseen,  on  finding  A  =  -  3 ;  for  it  is  clear 
that  the  resultant  class  will  be  improperly  primitive,  and  there  is  only  one 
such  class  for  A  =  -  3. 

If  we  wish  to  find  the  trilinear  substitution  which  transforms  (A,  B,  r)  or 
(6,  3,  2)  into  ff'f",  we  put 

\  tfx+y+yj  ~  3)       +tf  +  3#V  -  3)  (3#"  +  2/ V  -  3) 
=  6#  +  3#+yV~  3, 
and  hence  by  expanding,  and  comparing  both  sides, 

Y—  Qafx"y + 9x"xx'  +  8xx'y"  +  2xy'y" + ±x'y"y + 6%"yy'  -  fyy'y", 

X=2xx"x"  —  2x'x"y  -  4x"xy'  -  Axx'y"  —  4xy'y"  -  4x'y"y  -  5x"yy'  +  \ 


144.  It  is  now  evident  that  if  /i, /2.../n,  are  any  number  of 
forms  whose  determinants  are  proportional  to  n  square  numbers, 
and  if  Kly  K2...Kn  are  the  classes  to  which  they  belong,  then  it  is 
possible  to  find  a  form  compounded  of  /j,/2.../n;  and  in  whatever 
order  the  forms  are  compounded,  the  resulting  form  will  belong  to 
one  and  the  same  class,  whose  determinant 

A  =  dv  (d{m?mi. .  .mn\  dtfn?m£. .  .wn2,  dnrn?m2*. .  .mn_x2), 

taken  with  the  same  sign  as  that  of  d1,d2...dn.  This  class  may 
therefore  be  denoted  without  ambiguity  by  KxK2...Kn.  The 
classes  K  need  not  be  all  different :  thus  we  may  have  such 
compositions  as  are  denoted  by  K^,  K?K22,  and  so  on. 

145.  Consider  more  particularly  the  composition  of  two  forms 
ftf  of  the  same  determinant  and  for  which  m,  ra'  are  relatively 
prime.  Then  if  D  be  the  determinant  of  the  form  F =  (A,  B,  G) 
compounded  of  them,  we  have 

D  —  d  =  d\  n  =  n'=  1,    and    /n  =  dv  {a,a\b  +  b'). 

Putting,  as  before,  A  =  aa'ln2,  B  is  determined  by  the  congruences 

a  g  _  ab' 


a'  g  _  a'b 

b  +  b'  bb'  +  D 
 n  =  


\  (mod  A). 
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Also  M  =  dv(A,2B,G)  =  mm  : 

and  if   fflt  =  dv(A,B,C),  m  =  dv(a,b,c),  ttt'  =  dv  (a',  b',  c'), 
then  if  m  =  m  and  m'  =  m',       =  M,  while  in  every  other  case 
M  =  iM. 

Hence  we  at  once  infer  the  following  conclusions : — 

(i)  If  /'  is  properly  primitive,  F  belongs  to  the  same  order 

as/. 

(ii)  Any  class  is  unaltered  by  composition  with  the  principal 

class. 

For  if  f  =  (1,  0,  —  D),  we  have  fi  =  1,  A  =  a,  and  the  congruences 
to  find  B  are 

aB  =  0,    B  =  b,    bB  =  D  (mod  a), 
whence  B  =  b  (mod  a),  and  Fco  f. 

If  then  H  denote  the  principal  class,  so  far  as  composition  is 
concerned  we  may  write  H=  1. 

(iii)  Two  opposite  properly  primitive  classes  compound  into 
the  principal  class. 

Namely  if  /=  (a,  6,  c),  f  =  (a,  —  6,  c), 

/*  =  a,  4  =  1,  J5  =  0  (mod  A), 

and  F=(1,0,-D). 

Hence  if  K  denote  a  properly  primitive  class,  we  may  express 
its  opposite  by  K~\ 

(iv)  If  K  is  a  properly  primitive  class,  and  <J>  any  class, 
there  is  one  and  only  one  class  which  compounded  with  K  will 
give  <E> :  namely  <&K~l. 

(v)  If  K  is  properly  primitive,  and  4^,  <f>2...<I>n  are  all  dif- 
ferent, then  K^,  K®2...K®n  are  all  different. 

For  if  we  suppose  =  K<P„ ,  then  compounding  each  with 
K~l,  we  get  <!>!  =  <I>2  contrary  to  hypothesis. 

(vi)  The  duplication  of  a  properly  primitive  ambiguous  class 
produces  the  principal  class. 

For  an  ambiguous  class  is  its  own  opposite :  so  that,  if  K 
is  a  properly  primitive  ambiguous  class,  K  =  K~*,  and  therefore 
K*  =  KK-^  =  \. 

Conversely,  if  iT2  =  l,  R-1  =  K^K'1  =  K  (KK~l)  =  K ;  that  is, 
K  is  its  own  opposite,  and  therefore  ambiguous. 
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(vii)  The  class  compounded  of  the  opposites  of  any  number 
of  properly  primitive  classes  is  the  opposite  of  the  class  com- 
pounded of  those  classes. 

For  example,  (K^L-1)  (KL)  =  K~l  K  .  L~lL  =  1  :  therefore 
K~lL~l  =  {KL)~l :  and  so  for  any  number  of  classes. 

In  particular,  the  class  compounded  of  any  number  of  am- 
biguous classes  is  itself  ambiguous. 

146.  We  are  now  able  to  compare  the  numbers  of  classes 
belonging  to  the  different  orders  of  a  given  determinant  D. 

Suppose  D  is  divisible  by  a  square  number  m2,  and  let  D  =  Am2. 
Then  there  will  be  an  order  Q  derived  from  the  properly  primitive 
order  of  determinant  A.  As  the  simplest  representative  form  of 
this  order  we  may  take  (m,  0,  —  mA).  If  A  =  1  (mod  4)  there  will 
also  be  an  order  £1'  derived  from  an  improperly  primitive  order  of 
determinant  A :  and  we  may  take  for  its  simplest  representative 
form  (2  m,  m,  \m  (1  -  A)). 

Now  let  /=  (a,  b,  c)  be  any  properly  primitive  form  of  deter- 
minant A :  and  let  us  suppose,  as  we  may  do  (see  Art.  127)  that  a 
is  prime  to  2mA :  then  the  form  (a,  bm,  cm2)  is  properly  primitive, 
and  it  is  easily  verified  that  (ma,  mb,  mc)  is  compounded  of 
(a,  bm,  cm2)  and  (m,  0,  —  mA). 

Similarly  every  class  of  the  order  fl'  will  contain  a  form 
(2ma,  mb,  2mc)  in  which  a  is  prime  to  2mA :  and  this  form  is 
compounded  of  (2m,  m,  \m  (1  —  A))  and  {a,  mb,  4m2c),  the  latter 
of  which  is  properly  primitive. 

We  conclude  therefore  that  every  class  of  a  derived  order  may 
be  obtained  by  compounding  the  simplest  class  of  that  order  with 
a  properly  primitive  class. 

Again,  every  class  of  the  order  may  be  obtained  by  com- 
pounding any  assigned  class  of  the  order  with  a  properly  primitive 
class.  For  let  <£  be  the  assigned  class,  <!>'  any  other  class,  <J>0  the 
simplest  class,  K,  L  properly  primitive  classes  which  compounded 
with  <I>0  give  4>,  respectively.  Then  <£=  $>0K,  ®'=<t>0L=<&LK-1: 
that  is,  4>7  is  obtained  from  by  compounding  it  with  the  properly 
primitive  class  LK~X. 

Now  let  <!>!,  ^...O,,  be  all  the  classes  belonging  to  a  given 
derived  order:  and  let  Fu  F2...Fn  be  all  the  properly  primitive 
classes  of  the  same  determinant.  Then  the  classes FjPi. .  .Fn^ 
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include  all  the  classes  ;  therefore  v  cannot  exceed  n.  It  can 
easily  be  shown  that  n  is  a  multiple  of  v.  In  fact,  if  n  >  v,  some 
two  or  more  of  the  classes  F-&1)F&1...F1&X  must  be  identical. 
Suppose 

F1<t>1  =  F2<t>1  =  ...  =  Fk®1. 

Let  Fx  be  any  properly  primitive  class  not  contained  in  FX}  F2...Fk, 
and  let  K  =  F1'Fr\  so  that  Fx'  =  KFX :  then  KF1}  KF2...KFk  will 
be  properly  primitive  classes  different  from  each  other  and  from 
the  preceding  set ;  and  putting  KFi  =  F{,  we  have 

F1'<P1  =  F2'<!>1=...=Fk'<S>1. 

Proceeding  in  this  way,  we  see  (as  in  a  similar  case,  Art.  18) 
that  F&,  F2&1...Fn&1  maybe  arranged  in  groups  each  containing 
k  identical  classes,  the  classes  of  any  two  groups  being  different ; 
and  therefore  n  =  vk,  that  is,  n  is  a  multiple  of  v. 

147.  It  is  evident  that  k  is  equal  to  the  number  of  properly 
primitive  classes  which,  compounded  with  the  simplest  (or  any 
other)  class  of  the  derived  order,  reproduce  that  class :  and  the 
problem  of  determining  k  was  considered  from  this  point  of  view 
by  Gauss1,  who  did  not,  however,  succeed  in  obtaining  a  complete 
solution.  The  following  investigation,  which  depends  on  the 
theory  of  transformation,  is  due  to  Lipschitz2. 

We  consider  in  the  first  place  two  determinants  D  and  H  =  Dp2, 
where  p  is  a  prime. 

Let  /=  (a,  b,  c)  be  any  properly  primitive  form  of  determinant 
D,  and  let  us  suppose  that  a  is  prime  to  p.  Then  applying  to  f 
the  substitution 


where  aS-  /3y=p, 

or,  say,  a  substitution  of  order  p,  we  obtain 

f  =  Pf—      b',  c'),  suppose, 

a  form  of  determinant  Dp\  Suppose  that  all  possible  substitutions 
P  are  applied  to  f,  and  let  us  examine  how  the  resulting  forms 
may  be  classified. 


1  D.  A.  Arts.  253—6. 


*  Crelle  liii.  (1857),  p.  238. 
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Let  U  =  fa/      ,  where  a!B'  —  fty'  =  1,  be  any  unitary  substitu- 


7 

tiOD :  then 

PU=  (%  «)  («/  &)  =  iya'  +  By''  y/3'++  Bb)  =  P''  say' 
is  a  substitution  of  order  p.  It  is  clear  that  the  forms  Pf  and 
P'f  are  equivalent,  the  first  being  transformed  into  the  second 
by  the  substitution  U.  The  substitutions  P,  P'  may  be  called 
equivalent :  and  we  need  only  consider  the  non-equivalent  P-sub- 
stitutions. 

Since  aB  —  £7  =p,  and  p  is  prime,  it  is  evident  that  dv  (7,  B)  =  1 

or 

First,  let  dv  (7,  S)  =  1 :  then  putting  a7  =  B,  y  =  —  7,  and  deter- 
mining     B'  so  that  a'S'  —  fi'y  =  7$'  +  BB'  =  1,  the  substitution  PU 

(P,  hy 


or  P'  becomes  \^      .    Moreover  the  general  values  of      8'  are 

of  the  form  +  kB,  B0'  —  ky,  where  k  is  any  integer :  hence 
h  =  a/30'  +  fiB0'  +  (a$  —  #7)  =  h0  +  kp :  we  may  therefore  suppose 
that  ^  is  replaced  by  its  least  positive  residue  (mod  p). 

Similarly,  if  dv  (7,  B)  =  p,  we  may  put  a'  =  B/p,  y  =  —  y/p,  and 

then  determine         so  that  a'8'  -  Py  =  1,  and  PJ7=  ^. 

Hence  every  substitution  of  order  |)  is  equivalent  to  one  of  the 
following  (p  +  1)  representative  substitutions : 

(o'p)' 

(£})   (A  =  0,l,2...^1). 

148.    We  will  now  apply  these  (p  +  1)  substitutions  to  the 
properly  primitive  form  (a,  6,  c)  of  determinant  D. 
First  let  p  be  an  odd  prime. 

Then  ^J'  ^j[a>    c)  =  (a>  bp,  cp2),  and  this  is  properly  primitive, 

since  a  is  prime  to  p. 

Again  ^  ^a,  b,  c)  =  (a',  b ',  c'\ 

where  a  =  ap2, 

b'  =  {ah  +  b)p, 
c'  =  ah2  +  2bh  +  c. 
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From  these  equations  we  deduce 


Now  ac  =  (ah  +  b)2  —  D:  and  therefore  if  p  divides  c  it  will  be 
possible  to  choose  h  so  that 


and  s.ince  a  is  prime  to  p  the  converse  is  true. 
There  are  four  cases  to  consider : — 

(i)  D  divisible  by  p2.  The  congruence  in  h  has  one  solution, 
given  by  ah  +  b  =  0  (mod  p):  this  value  of  h  makes  V  and  c 
divisible  by  p2 :  so  that  in  all  there  are  p  properly  primitive  forms 
(a',  b',  c)  and  one  form  for  which  dv(a',  lb',  c')=p2. 

(ii)  D  divisible  by  p  but  not  by  p2.  As  before,  the  congruence 
has  one  root,  and  for  the  corresponding  form,/',  dv  (a,  2b ',  c)  =  p. 
The  remaining  p  forms  f  are  properly  primitive. 

(iii)  D  not  divisible  by  p,  and  (D|p)  =  l.  The  congruence 
has  two  roots  given  by 


there  are  two  forms  f  for  which  dv(a'}  2b ',  c')  =  p,  and  (p  —  1) 
properly  primitive  forms. 

(iv)  D  not  divisible  by^?,  and  (D\p)  =  —  1.  The  congruence 
is  insoluble,  and  all  the  (p  +  1)  forms  f  are  properly  primitive. 

In  every  case  the  number  of  properly  primitive  forms  f  may 
be  expressed  by  p  —  (D\p),  with  the  convention  that  (D\p)  =  0 
when  D  =  0  (mod  p). 

Next,  let  p  =  2. 


Here  f  '  9fla,  b,  c)  =  (a,  26,  4c),  which  is  properly  primitive, 


p2a  =  a', 

p2b  =  pb'  —  ha', 

p2c  =  p2c'  -  2phb'  -  h?a', 


and  since  dv  (a,  2b,  c)  =  1,  we  infer  that 

dv  (a,  2b',  c)  =  1,  p  or  p2. 


(ah  +  b)2-D  =  0  (mod  jo), 


aA,  +  6  ±  sJD  =  0  (mod  ^) : 


since  a  is  supposed  odd. 


Again 


a,  b,  c)  is  properly  primitive  except  when 


(ah+b)2-D  =  0  (mod  2). 
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If  D  is  odd  the  congruence  has  one  root  given  by 
ah  +  b  =  1  (mod  2), 
and  if  D  is  even,  there  is  again  one  solution  given  by 
ah  +  b  =  0  (mod  2). 

In  the  former  case,  dv  (a\  b',  c')  =  2,  and  dv  (a',  2b',  c')  =  2  or  4 
according  as  D  =  3  or  1  (mod  4) :  in  the  latter, 

dv  (af,  V,  c')  =  dv  (a',  2b',  c')  =  2  or  4 
according  as  D  =  2  or  0  (mod  4). 

In  every  case  there  are  two  properly  primitive  forms. 

149.  Every  properly  primitive  class  of  determinant  Dp2  can 
be  derived  from  a  properly  primitive  class  of  determinant  D  by 
means  of  one  of  the  (p  +  1)  representative  substitutions  of  order  p. 

For  let  (A,B,  G)  be  any  properly  primitive  form  of  determinant 
Dp2,  in  which  A  is  prime  to  p.  Apply  to  it  all  possible  substitu- 
tions of  order  p :  then  the  resulting  forms  of  determinant  Dp4,  fall 
into  (p  +  1)  sets,  the  forms  of  each  set  being  equivalent,  and  those 
of  one  set,  and  only  one,  having  a  divisor  p2.  Suppose 

^A,B,  C)  =  (fa,p%p*c), 

where  a8  —  /3y  =  p  ;  then  (a,  b,  c)  is  a  properly  primitive  form  of 
determinant  D :  and  it  is  easily  verified  that 

that  is,  (A,  B,  G)  is  derivable  from  {a,  b,  c)  by  the  substitution 
/  8.  -P 


Moreover  the  class  to  which  (a,  b,  c)  belongs  is 
perfectly  determinate.    For  if 

=  {A,B,G), 

then  P^A,  B,G)  =  (p*a,  p%  p*c), 

and  P^A ,  B,  G)  =  (p*a\  p*V,  fc') : 

but  all  the  forms  of  divisor  p2  derivable  from  {A ,  B,  G)  belong  to 
the  same  class :  therefore  (p2a'}  p2b',  p2c')  co  (p2a,  p2b,  p2c)  and 
consequently  (a,  b',  c') oo (a,  b,  c). 
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150.  If  now  /i,/2.-./n  are  representatives  of  the  n  properly- 
primitive  classes  of  determinant  D,  the  first  coefficient  of  each 
form  being  prime  to  p,  and  if  we  apply  to  each  of  them  the  (p  + 1) 
reduced  substitutions  of  order  p,  we  obtain  altogether  n  {p  —  (D\p)} 
properly  primitive  forms  of  determinant  Dp2,  among  which  will  be 
found  representatives  of  all  the  properly  primitive  classes.  It 
remains  for  us  to  discover  how  many  of  these  are  equivalent.  It 
follows  from  the  last  paragraph,  and  from  the  fact  that  f\,fi...fn 
all  belong  to  different  classes,  that  any  two  such  equivalent  forms 
must  be  derived  from  the  same  form  f.    Suppose  then  that 

(y,  $)>'  h>  C)  =  (A>B>  G)> 

b,  c)  =  (A\  B>,C), 

where  a8  -  £7  =  a'S'  -  p'y  =  p,  and  (A',  B'}  C)  <~  (A,  B,  G). 

If  the  unitary  substitution  transforms  (A',  B',  O)  into 

(A,  B,  C),  then 

(i  ?£:  3 

changes  (a,  b,  c)  into  (A,  B,  G)  and  must  therefore  be  of  the  form 

(Ti-bUi,     -cUiYa,  0\ 
{      aUi}  T  +  bUiXy,  S)  > 

where  (Ti,  Ui)  is  an  integral  solution  of  T2  —  DU2=  1.  Operating 

on  both  substitutions  with  ^_  /         ,  we  get 

(p\,  pfiX  _  /  S',  -  pYTt  -bUi}  -  c UiYa,  0\ 
\pv,  pp)  ~  V-  J,     a'X       aUi}  Ti  +  b UXy,  h) 


-( 


A,  B 

r,  Ajsay: 


so  that  the  conditions  for  equivalence  are  expressed  by 
A  =  B  =  r  =  A  =  0  (mod  p). 

Since  and  may  be  taken  from  the  reduced  sub- 

stitutions of  order  p,  there  are  only  two  distinct  cases  to  consider. 
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found  by  actual  calculation  that 

A=p*(Ti-bUi), 

Y  =  paUu 

L  =  Ti  +  (ah  +  b)Ui. 

The  single  condition  necessary  for  equivalence  is  therefore 

Ti  +  (ah  +  b)Ui=0  (mod p). 

Since  a  is  prime  to  p,  this  gives  one  determinate  value  for  h, 
such  that  0^h<p,  except  when  Ui  =  0  {mod  p).  Let  Ua  be  the 
least  positive  value  of  Ui  which  is  divisible  by  p ;  then  putting 
t=  1,  2...(<r—  1)  in  the  above  congruence  we  get  (<r  -  1)  corre- 
sponding values  of  h.  Call  these  h1}  h^...ha-.x%  each  being  positive 
and  less  than  p.    Then  the  forms 

fya,btc)  (t  =  l,  2...cr-l) 

are  all  equivalent  to  6,  c).   Moreover  they  are  all  different, 

and  there  are  no  other  forms 

(o'          ^  C^  e9u^va^en*  to  (q'  ^  c)- 

For,  supposing  neither  ?7<  nor      =  0  (mod  p)  we  have 


and  therefore  hj  =  hi}  if  and  only  if  Uj_i  =  0  (mod  p)  that  is,  if 
j  —  i  =  0  (mod  o-). 

Altogether  then  we  have  a  set  of  <r  equivalent  forms  derived 
from  (a,  6,  c)  by  the  substitutions 
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In  a  similar  way  we  find  that 

(o,  i$a' h'  c)~(o,'  i)-a' b'  C)' 

if  (h - h')  Ti  -  [hh'a  +  {h  +  K)b  +  c}Ui  =  0  (mod  p), 

that  is,  if  A  =         +      +         (mod  jp> 

Let  V  be  the  least  positive  value  of  h'  derived  from  this 
congruence.  It  is  clear  that  the  value  of  h{  is  determinate  except 
when  there  is  a  solution  of  the  Pellian  equation  such  that 

haUi  +  iTi  +  bUj^O  (modjp), 

in  which  case       ^a,  b,  c)  co      ^a,  b,  c)  by  the  preceding  case. 

We  also  find  that 
h'  -  h-'  =  (ah>  +  2bh  +  c)Uj_i 

If  ah2  +  2bh  +  c  =  0  (mod  p),  ^a,  6,  c)  is  not  properly  primi- 
tive ;  rejecting  these  cases,  when  they  exist,  we  see  that  h/  =  hi  if 
and  only  if  j  =  i  (mod  a). 

As  before,  we  have  a  set  of  <r  equivalent  forms,  viz.  these  are 
derived  from  (a,  b,  c)  by  the  substitutions 

(where  observe  hj  =  h),  or  else  by  the  substitutions 

p,  W\     (p,  h2'\     (p,  fl,  0\     fp,  hi+x'\     (p,  K'\ 

.0,  1  /'  \0,  1  J-\0,  1    /'  \0,  pj'  \0,  1    J'"\0,  1  / 

according  as  h  does  not,  or  does,  satisfy  a  congruence  of  the  form 

haUi  +  (Ti  +  bUi)  s  0  (mod  jp). 

Since  the  same  reasoning  applies  whichever  form  (a,  6,  c)  be 
taken,  we  conclude  that  the  total  number  of  properly  primitive 
classes  of  determinant  Bp2  is 


llp-{D\p)}  =  ni{l-\{D\p)\ 


<t  having  the  meaning  above  explained,  and  (D\p)  being  put  equal 
to  0  if  D  is  divisible  by  p,  or  if  p  =*  2. 
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151.  By  successive  applications  of  this  result  it  is  easy  to 
conclude  that  if  D'  =  DS2,  and  n,  n'  are  the  numbers  of  properly 
primitive  classes  of  determinants  D,  D'  respectively, 

where  the  product  relates  to  all  odd  primes  p  which  divide  S,  but 
not  D,  and  where  a  is  the  index  of  the  first  integral  solution 
(Ta,  U9)  of  T2-DU2  =  1  for  which  Ua  is  divisible  by  8.  The 
result  may  also  be  expressed  in  the  form 

where  (T,  U),  (T\  U')  are  the  fundamental  solutions  of  T2  -  DU2  =  1, 
and  T2  —  D'  U'2  =  1  respectively.  In  this  form  it  was  originally 
obtained  by  Dirichlet,  although  by  means  of  a  very  different 
method,  which  will  be  explained  later  on. 

When  D',  and  therefore  D,  is  negative,  the  Pellian  equation 
has  in  general  only  two  solutions,  viz.  T  =  ±1,  £7=0:  it  is  easily 
seen  from  the  foregoing  analysis  that  all  the  substitutions  of  order 
p  give  non-equivalent  forms,  and  that 

n'-MSII  {1-1(2%)}. 

If,  however,  D  =  —  1,  the  equation  Tt-DU2  =  \  has  four 
solutions,  T=  ±  1,  U=  0,  and  T=  0,  U=  ±  1 ;  the  derived  forms 
may  be  grouped  into  equivalent  pairs,  and 


152.  It  will  be  observed  that  the  preceding  analysis  enables 
us  not  only  to  determine  the  number  of  properly  primitive  classes 
for  a  determinant  D82  when  that  for  a  determinant  D  is  known, 
but  also  to  compare  the  numbers  of  properly  primitive  classes  for 
any  two  determinants  which  are  in  the  ratio  of  two  square 
numbers.  It  is  clear  also  that  we  can  find  the  ratios  of  the 
numbers  of  classes  in  the  different  derived  orders  for  any  deter- 
minant, because  the  number  of  classes  in  any  derived  order  is 
equal  to  the  number  of  (properly  or  improperly)  primitive  classes 
for  the  determinant  from  which  the  order  is  derived. 


IMPROPERLY  PRIMITIVE  CLASSES. 


167 


153.  In  order  to  complete  the  investigation,  we  have  to 
compare  the  number  of  improperly  primitive  classes  with  that 
of  the  properly  primitive  classes  for  the  same  determinant. 

Let  <j>  =  (2a,  b,  2c)  be  an  improperly  primitive  form  of  de- 
terminant 

D  =  62-4ac  =  l  (mod  4): 

and  suppose  (as  we  may  do)  that  a  is  odd.  Applying  to  <j>  the 
reduced  substitutions  of  order  2,  viz. 


The  first  of  these  is  properly  primitive :  with  regard  to  the 
others  we  have  to  distinguish  the  cases  D  =  1  (mod  8)  and  D  =  5 
(mod  8). 

If  D  =  l  (mod  8),  a,  b  are  odd,  c  is  even,  and  therefore  <f>2,  03 
are  improperly  primitive.  Thus  0  is  transformable  into  the  double 
of  one  and  only  one  properly  primitive  form :  and  it  may  be  proved 
as  above  (Art.  149)  that  the  double  of  every  properly  primitive 
form  is  derivable  from  an  improperly  primitive  form  by  a  substi- 
tution of  order  2.  Hence  if  D  =  1  (mod  8)  the  numbers  of 
properly  and  improperly  primitive  classes  are  equal. 

If  D=5  (mod  8),  c  is  odd,  and  0X,  02,  03  are  all  properly 
primitive :  we  have  to  discover  how  many  of  them  are  equivalent. 

Suppose  that 


we  obtain  20x,  2<£2,  203  where 


01  =  («,  b,  4c), 

02  =  (4a,  b,  c), 

03  =  (4a,  2a  +  b,  a  +  b  +  c). 


then 


4a  =  act2  +  2bcty  +  4c?2, 


(1)  , 

(2)  , 

(3)  , 


b  =  aa/3  +  b  (a8  +  £7)  -I-  4c78 


c  =  a/32  +  2bj3B  +  4c82 
0  =  aa£  +  26/37  + 


and  hence 


C7  =  a/3  (£7  -  aS)  =  -  a/3. 


Putting 
(4)  gives 


y  =  alf,    /3  =  -cU, 


a  -48  =  -2&tf, 
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and  writing  a  +  48  =  27", 

where  T  is  evidently  integral,  we  have 
a  =  T-bU, 
8  =  (T  +  bU)/4. 
Now  from  (1)  we  obtain 

4>a2  =  (aoL  +  by)2-Dy2, 

and  on  substituting  for  a,  7  their  values,  a2  divides  out,  and  we 
find 

The  condition  for  equivalence  is  therefore  that  solutions  of 
T2  —  D  U2  =  4  must  exist  for  which 

T+bU=0  (mod  4). 

We  have      (T+  b U)  (T-  b U)  =  4(1  -  acU2), 

and  a,  c  are  both  odd.  If,  then,  U  is  even,  T+bU  cannot  be 
divisible  by  4 :  for  if  it  were,  T—bU  would  be  odd,  and 

(T-bU)  +  (T+bU)  =  2T 

would  be  odd,  which  is  absurd,  since  T  is  supposed  integral. 
Therefore  U  must  be  odd.  Conversely  if  U  is  odd,  T  and  bU  are 
both  odd,  and  therefore  by  taking  U  with  the  proper  sign  we  can 
make  T+bU  divisible  by  4. 

If  (T1}  Ui)  is  the  fundamental  solution,  and  Ux  is  even,  all  the 
subsequent  values  of  U  will  be  even  too;  therefore  Ux  must  be 
odd. 

Suppose  this  to  be  the  case,  and  let  the  sign  of  Ux  be  chosen 
so  that 

Tx  +  bUx  =  0  (mod  4). 

Then  putting 

ax  =  Tx-bUx,    $x  =  -cUx> 

yx  =  aUx,  8x  =  i(Tl  +  bUx), 

^s)  *S  an  in*e£ra,l  unitary  substitution  which  transforms 
(a,  b,  4c)  into  (4a,  b,  c). 

Changing  the  sign  of  Ux,  put 

a2  =  Tx  +  bUx,    &  =  cUX) 
y2=-aUu  S^lW-bUJ, 
then  82  is  half  an  odd  integer :  a2  is  divisible  by  4,  /32,  72  are  odd. 
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Hence  i(a,+  2&),    i(7*  +  28,) 

are  integers,  and  it  may  be  verified  that 

fa2,    \(a,  +  2ft)\ 
\7*>  i(72+2S2)/ 
is  an  integral  unitary  substitution,  which  transforms  (a,  b,  4c)  into 
(4a,  2a +  b,  a  +  b  +  c). 
Expressed  in  terms  of  a1}  fii,  ylt  hx  this  substitution  is 
/4SX,     2^ -ft  \ 
\-7i»  i(«i-2vi)/ 
We  conclude,  then,  that  if  Ux  is  even,  no  two  of  the  forms 
<t>i>  </>2>  <j>z  are  equivalent,  and  that  if  Ul  is  odd,  they  all  belong  to 
the  same  class. 

When  D  is  negative,  the  equation  T2  —  DU2  =  4  has  in  general 
only  two  solutions  T  =  ±  2,  U  =  0 ;  the  only  exception  is  when 
D  =  —  3,  in  which  case  there  are  six  solutions  T=±l,  U '  =  +  1, 
T=  ±  2,  £7  =  0.  Thus  when  D  =  —  3,  </>j,  <£2,  <£3  are  all  equivalent : 
for  all  other  negative  determinants  they  belong  to  three  different 
classes. 

The  results  thus  obtained  are  exhibited  in  the  following  table, 
where  n,  n  denote  the  number  of  properly  and  improperly  primi- 
tive classes  respectively,  and  (T1}  ET^)  is  the  fundamental  solution 
of  T2-D£72  =  4. 

I.    D  positive. 

D=l  (mod  8),  n  =  n, 

D=5  (mod  8),  U,  odd  :     n'  =  n} 
D  =  5  (mod  8),  Ux  even :    n'  =  \n. 

II.    D  negative. 

B  4=  -  3,    n  = 
B  =  -  3,    w'  =  w. 

As  an  illustration  suppose  D  =  21,  =  (6,  3,  —  2).  The  asso- 
ciated forms  are 

^  =  (3,3,-4),  2,  3,-1),    ^  =  (12,9,5). 
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We  have  Tx  =  5,  CT,  =  1,  and  calculating  a1}  /3l5  y1}  8j  it  will  be 
found  that 

S  2^3'  3, =  (12,  3,-1), 

(_3;'  _?j[3,3,-4)  =  (12,  9,  5), 

and  hence  ti'  =  n,  as  it  should  be. 

It  may  be  inferred  from  the  foregoing,  and  can  be  proved 
independently,  that  when  Ux  is  odd,  U2  is  also  odd,  and  Ua  even :  in 
fact,  the  solutions  (Tif  Ui)  fall  into  three  sets  corresponding  to  the 
triple  grouping  of  the  properly  primitive  with  reference  to  the 
improperly  primitive  classes. 


Composition  of  Genera. 

154.  Let  K,  K  be  two  properly  primitive  classes  of  deter- 
minant D,  and  let  n,  n'  be  two  numbers  prime  to  each  other  and 
to  2D  represen  table  by  forms  of  the  classes  K,  K  respectively ; 
then  it  follows  from  the  theory  of  the  composition  of  classes  that 
nn'  is  representable  by  a  form  of  the  class  KK  which  is  com- 
pounded of  K  and  K.  The  generic  character  of  KK  may 
therefore  be  inferred  from  nn  ;  and  it  is  easily  seen  that  any 
particular  character  relating  to  KK  may  be  obtained  by  multi- 
plying together  the  corresponding  characters  relating  to  K 
and  K'. 

For  the  quadratic  characters  this  is  obvious  since 

(nn'\p)  =  (n\p)(n'\p). 

With  regard  to  the  supplementary  characters     yfr,  we  have 

(n_l)(7l'_l)  =  0(mod  4), 

so  that  (n  —  1)  +  {n'  —  1)  =  (nn  —  1)  (mod  4), 

therefore        \(n  -  1)  +  \(ri  -  1)  =  %(nn'  -  1)  (mod  2), 

and  hence  x  (K)  x  (K)  =  x  (KK) : 

again  (n2  -  1)  (n'2  -  1)  =  0  (mod  64), 

whence       J(nV2  - 1)  =  %(n2  -  1)  +  l(n'2  -  1)  (mod  8), 

and  therefore  ^  (KK)  =  f(K)f  (K). 

The  genus  to  which  KK  belongs  is  said  to  be  compounded  of 
the  genera  which  contain  K,  K ;  and  the  genus  compounded  of 


NUMBER  OF  AMBIGUOUS  CLASSES. 


171 


the  genera  T,  A  may  be  represented  by  TA.  The  composition 
of  any  genus  with  itself  gives  the  principal  genus,  i.e.  that  which 
contains  the  principal  class. 

If  one  of  the  classes  K,  K  is  improperly  and  the  other  properly 
primitive,  KK  is  improperly  primitive ;  and  it  is  easily  seen  that, 
as  before,  its  particular  characters  are  obtained  by  multiplying 
together  those  of  K  and  K'. 

If  both  K  and  K  are  improperly  primitive,  KK  is  the  double 
of  a  properly  primitive  class,  and  the  characters  of  this  properly 
primitive  class  are  obtained  by  multiplying  together  those  of  K 
and  K.  For  if  2n,  2n  are  two  numbers  representable  by  K  and 
K'  respectively,  n,  n  being  prime  to  each  other  and  to  2D,  the 
particular  characters  of  K,  K'  are  inferred  from  n  and  n' :  and  if 
KK  =  2L,  the  characters  of  L  are  inferred  from  nn',  since  2nn'  is 
representable  by  KK',  and  therefore  nn  by  L. 

155.  Each  genus  of  the  same  order  contains  the  same  number 
of  classes. 

Let  r,  T'  be  any  two  genera  of  the  same  order,  and  let  T 
contain  the  classes  K1}  K2...KV.  Suppose  K'  to  be  any  class 
contained  in  V,  and  let  P  be  a  properly  primitive  class  such  that 
PKX  =  K.  Then  the  classes  PKU  PK2...PKV  will  all  be  different 
and  will  all  belong  to  V,  since  their -total  characters  are  the  same. 
Hence  V  contains  at  least  as  many  classes  as  T.  In  the  same 
way  T  contains  at  least  as  many  as  V.  Therefore  they  contain 
the  same  number  of  classes. 

Number  of  Ambiguous  Classes. 

156.  The  following  is  Gauss's  investigation  of  the  number  of 
properly  primitive  ambiguous  classes  for  a  given  determinant  D. 
In  order  to  avoid  a  trivial  exception,  it  will  be  supposed  that  D 
is  not  equal  to  —  1.  This  case  is  immediately  disposed  of  by 
observing  that,  when  D  =  —  1,  there  is  only  one  class  and  this  is 
ambiguous. 

It  will  be  remembered  that  a  form  (a,  b,  c)  is  ambiguous  if 
2b  =  0  (mod  a) ;  also  that  (a,  b',  c')  eo  (a,  b,  c)  if  b'  =  b  (mod  a),  the 
determinant  being  the  same  in  both  cases.  It  is  therefore  only 
necessary  to  consider  forms  of  the  types  (a,  0,  c)  and  (26,  b,  c). 
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We  obtain  a  properly  primitive  form  (a,  0,  c)  by  resolving  D 
into  any  two  factors  which  are  prime  to  each  other,  and  taking 
one  of  them,  with  either  sign,  for  a.  Each  resolution  of  D  thus 
gives  rise  to  four  ambiguous  forms :  but  since  (c,  0,  a)  co  (a,  0,  c), 
and  we  wish  to  find  the  number  of  ambiguous  classes,  we  may 
reject  two  of  the  four,  retaining  those  for  which  \a\  <  |c|.  If  n  is 
the  number  of  different  primes  which  divide  D,  the  number  of 
forms  which  we  obtain  in  this  way  is  2n. 

For  example  if  D  =  —  90  =  —  2 .  32 .  5,  the  forms  are 
(±1,0,  ±90),    (±2,0,  ±45),    (±5,0,  ±18),    (±9,0,  ±10): 
that  is  8  or  23  in  all. 

A  properly  primitive  form  (26,  6,  c)  is  obtained  by  taking  for  6 
any  (positive  or  negative)  divisor  of  D  such  that  c  =  (b2  —  D)/2b  is 
an  integer  prime  to  26.  Now  c  being  odd,  c2  =  1  (mod  8),  and 
therefore 

D  =  62  -  26c  =  (6  -  c)2  -  c2=  3  (mod  4)  or  =  0  (mod  8), 
according  as  6  is  odd  or  even.    Hence  D  must  be  of  the  type 
8n,  Sn  +  3,  or  8n  +  7  if  there  are  to  be  any  forms  of  the  kind  now 
considered. 

First  suppose  D  =  3  (mod  4).  Then  if  we  take  for  6  any 
divisor  of  D,  6  is  necessarily  odd,  62  —  D  =  2  (mod  4)  =  0  (mod  6), 
so  that  c  is  certainly  integral  and  odd :  also  2c  =  6  —  Djb,  so  that 
c  is  prime  to  6  if,  and  only  if,  D/b  is  prime  to  6.  Since  6  may  be 
taken  positively  or  negatively,  we  thus  obtain  2 .  2n  =  2n+1  forms, 
n  having  the  same  meaning  as  before. 

Next  let  D  =  0  (mod  8),  so  that  6  must  be  even.  Then  since 
2c  =  6  —  D/b,  we  see  that  by  dividing  D  into  any  two  even  factors 
6,  Djb  which  have  no  common  divisor  except  2,  c  will  be  odd  and 
prime  to  \ 6,  and  therefore  also  to  26.  In  this  way  we  get  alto- 
gether 2n+l  forms,  allowing  for  variation  of  sign  in  6. 

For  instance  let  D  =  120  =  8 .  3 .  5  :  the  forms  are 
(±  4,  ±  2,  +  29),  (±  8,  ±  4,  +  13),  (±  12,  ±  6,  +  7),  (±  24,  ±  12,  ±  1), 
(±  20,  ±  10,  +  1),  (±  40,  ±  20,  ±  7),  *(±  60,  ±  30,  ±  13), 

(±120,  ±60,  ±29): 

in  all  16  =  24. 

In  every  case  the  forms  (26,  6,  c)  may  be  arranged  in  pairs 
such  as 

(26,  6,  c),   (26',  6',  c), 
where  6'  =  2c  -  6  =  -  Djb. 
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Observing  that     b  +  V  =  2c  =  0  (mod  c), 
we  have  (2b,  b,  c)  eo  (c,  V ,  2b')  ~  (26',  -  c) 

~  (2b',  V,  c), 

so  that  we  need  only  retain  that  form  which  has  the  smaller 
middle  coefficient.  Thus  we  have  left  2n  forms  (2b,  b,  c),  for  which 
\b\<WD\. 

Now  let  fjL  denote  the  number  of  odd  primes  which  divide  D, 
so  that  n  =  fi,  or  /x  +  1  according  as  D  is  odd  or  even ;  then  the 
total  number,  N,  of  properly  primitive  ambiguous  forms  which  we 
have  retained  (including  both  types  when  they  exist)  will  be 
according  to  the  following  table. 


0  (mod  8), 

N  =  2 .  2n  =  2^+2, 

4  (mod  8), 

=  2n     =  2(J-+1, 

3  (mod  4), 

„  =  2  .  2n  =  2^+1, 

2  (mod  4), 

„  =  2n     =  2"+\ 

1  (mod  4), 

„  =2n     =  2*. 

Comparing  this  result  with  the  scheme  of  generic  characters 
(Art.  130)  it  appears  that  in  every  case  N  is  equal  to  the  number 
of  assignable  total  characters  for  the  determinant  D. 

157.  In  the  case  when  D  is  negative,  the  forms  retained  will 
be  half  positive  and  half  negative.  We  now  reduce  the  system  to 
one-half  by  rejecting  all  the  negative  forms.  The  \N  positive 
forms  which  remain  all  belong  to  distinct  classes.  For  every  form 
(a,  0,  c)  is  reduced,  because  a  <  c :  and  every  form  (26,  b,  c)  is 
reduced  unless  2b  >  c,  in  which  case  the  equivalent  form  (c,  c  —  b,c) 
is  reduced,  because  2b  >  c  gives  c>  2  (c  —  b),  where  observe  that 
c  —  b  is  positive,  because  b  (which  is  positive)  <  —  D/b  <2c  —  b, 
and  therefore  2  (c  —  b)  >  0. 

No  two  of  the  reduced  forms  (a,  0,  c),  (2b,  b,  c),  (c,  c  —  b,c)  can 
be  opposite  or  identical;  so  that,  finally,  the  number  of  positive 
properly  primitive  ambiguous  classes  is  ^N. 

Next,  suppose  that  D  is  positive.  Let  (a,  b,  c)  be  any  one  of 
the  N  forms  which  have  been  retained.    Choose  b'  so  that 

V  =  b  (mod  a),  and  0  <  *JD  -  b'  <  \  a  \ : 
this  can  always  be  done,  and  in  one  way  only. 
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Let  c'  =  (6'2  —  D)/a :  then  (a,  6',  c')  is  equivalent  to  (a,  6,  c), 
and  we  can  show  that  it  is  also  reduced.  The  conditions  for  this 
are  that  0<6'<  s/D  and  *JD -V  <\a\<JD  +  V.  Now  if  \a\<*JD 
it  is  clear  from  the  conditions  by  which  b'  was  determined  that  b' 
is  positive  and  <VA  and  since  \a\  <VA  o.  fortiori  \a\  <\fD  +  b', 
so  that  (a,  b',  c')  is  reduced.  If  |  a  \  >  y/D,  the  form  (a,  6,  c)  must 
be  of  the  type  (26,  b,  c),  where  \  b\<»JD.  Putting  b'  =  |  b  \  we  have 
6'  =  6  (mod  26)  while  0  <  -  V  <  sjB  <\a\  \  that  is,  |  6  |  satisfies 
the  conditions  which  determine  b'.  Moreover 

\a\  =  \2b\  =  2\b\<*JD  +  \b\<*/D  +  b': 
hence  (a,  b',  c)  is  reduced. 

In  this  way  we  replace  every  one  of  the  N  forms  by  an 
equivalent  reduced  ambiguous  form ;  and  these  reduced  forms  are 
all  different. 

It  can  be  proved  that  every  reduced  properly  primitive  am- 
biguous form  will  be  found  among  the  above  set.  For  suppose 
(a,  b,  c)  is  any  reduced  properly  primitive  ambiguous  form  :  then 
because  it  is  reduced  0  <  6  <  sjJ),  and  hence  if  6  =  0  (mod  a), 
|  a  |  <  VA  and  the  form  (a,  0,  c'),  equivalent  to  (a,  6,  c),  is  one  of 
our  original  set,  and  hence  (a,  6,  c)  is  the  corresponding  reduced 
form  of  the  final  set.  If  6  is  not  divisible  by  a,  a  is  even,  and 
(a,  6,  c)  oo  (a,  Ja,  c)  :  while,  since  for  a  reduced  form  |  a  \  <  2\/D,  it 
follows  that  \a  divides  D,  and  |  \a  \  <  VA  so  that  (a,  \a,  c)  is  one 
of  the  original  set,  and  therefore  as  before  (a,  b,  c)  is  the  corre- 
sponding reduced  form. 

Every  ambiguous  class  contains  two,  and  only  two,  reduced 
ambiguous  forms;  therefore,  finally,  the  number  of  properly 
primitive  ambiguous  classes  is  JiV. 

158.  The  number  of  improperly  primitive  ambiguous  classes 
(when  any  exist)  is  equal  to  the  number  of  properly  primitive 
ambiguous  classes  of  the  same  determinant. 

For  let  (a,  6,  c)  be  any  properly  primitive  ambiguous  form. 
Then  if  6  is  odd,  a  must  be  odd  also :  for  if  a  were  oddly  even  c 
would  also  be  oddly  even,  because  D  =  1  (mod  4),  and  the  form 
would  not  be  properly  primitive.  Hence  6  =  0  (mod  a)  and 
c  =  0  (mod  4).  If  6  is  even,  a  and  c  must  both  be  odd :  and  the 
equivalent  form  (a,  a  +  6,  c)  comes  under  the  preceding  case. 
Thus  when  D  =  1  (mod  4)  every  properly  primitive  ambiguous 
class  contains  a  form  (a,  6,  4c)  where  a,  6  are  odd  and  6  =  0  (mod  a). 
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This  is  one  of  the  three  forms  derivable  from  the  improperly 
primitive  ambiguous  form  (2a,  b,  2c)  by  the  reduced  substitutions 
of  order  2 ;  therefore  every  properly  primitive  ambiguous  class  is 
connected  with  an  improperly  primitive  one. 

Now  let    <f>  =  (2a,  b,  2c)    where    6  =  0  (mod  a) 
be  any  improperly  primitive  ambiguous  form  ; 

=  (a,  b,  4c), 
cf>2  =  (4a,  b,  c), 
<f>3  =  (4a,  2a  +  b,  a  +  b  +  c): 
then       is  properly  primitive  and  ambiguous,  and  we  have  to 
prove  that  <f>2,  <£3  cannot  belong  to  properly  primitive  and  am- 
biguous classes  except  when        <£2co  <£3. 

When  D  =  1  (mod  8),  <j>2,  $a  are  not  properly  primitive  (see 
Art.  153),  and  the  theorem  is  proved.    If  D  =  5  (mod  8)  let 

/,  =  (4,  I,  i  (1  -  D)),  /„  =  (4,  3,  l  (9  -  D)), 
and  let  <t>1}  <I>2,  <f>3,  i^,  i^2  be  the  classes  containing  <f>1}  <f>2,  <£>3,/i,/2. 
Then  it  may  be  verified  that 

^2  =  ^FX,    03  =  <D1JFT2,    or    3>2  =  <JvF2,    <J>3  =  ^, 
according  as  6  =  1  or  3  (mod  4). 

Hence  if  <I>2,  <&z  are  ambiguous  classes,  so  must  be  Fx  and  F2. 

Now  F12  =  F2,  and  F2i  =  F1:  hence  if  jF1}  are  ambiguous, 
Fx  =  F2  =  l,  and  therefore  ^co^m^. 

In  every  case,  then,  there  is  a  (1,  1)  correspondence  between 
the  properly  and  improperly  primitive  ambiguous  classes,  and 
therefore  the  number  of  classes  of  each  kind  is  the  same. 

The  method  of  this  article  is  applicable  to  the  more  general  problem  of 
Art.  153.  For  in  the  general  case,  since  $2  is  compounded  of  $x  and  either  fx 
or  /2,  it  follows  that  if  $2  ~  <£1}  either  fx  or  /2,  and  therefore  also  the  other, 
must  belong  to  the  principal  class  ;  and  also  that  if  this  is  so,  fa  ~  <£2  ~  03. 

Now  it  is  easily  found  that  (1,  0,  -  D)  is  transformed  into  fx  by  the 
substitution 

(T,  \{T+DU)\ 
\U,  1{T+U)  )> 

where  T2-DU2=4:  and  it  can  be  proved  as  above  (p.  168)  that  if  (T,  U)  is 
any  integral  solution  in  which  U  is  odd,  we  can  choose  the  sign  of  U  so  as  to 
make  the  substitution  integral.    This  being  done,  the  substitution 

is  also  integral  and  unitary,  and  transforms  (1,  0,  -D)  into/2. 
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This  is  the  point  of  view  from  which  Gauss  regards  the  correspondence 
between  the  properly  and  improperly  primitive  classes.  (See  D.  A.  Art. 
256.  vi.) 

159.  If  K  is  a  class  of  any  actually  existing  genus,  K2  belongs 
to  the  principal  genus.  Let  K2  =  H,  and  let  1,  Alt  A^.^A^  be 
all  the  properly  primitive  ambiguous  classes.  Then  H  is  produced 
by  the  duplication  of  K,  KA1}  KA2...KAk_lf  but  by  that  of  no 
other  class.  Hence  if  8  be  the  number  of  classes  of  the  principal 
genus  which  can  be  produced  by  duplication,  the  total  number  of 
classes  of  which  the  duplicates  belong  to  the  principal  genus  is  8k. 
But  the  duplicate  of  every  class  belongs  to  the  principal  genus. 
Therefore  if  g  be  the  number  of  existing  genera,  v  the  number  of 
classes  in  each  genus,  gv  =  k8.  Now  8  cannot  exceed  v :  therefore 
g  cannot  exceed  k :  that  is, 

The  number  of  actually  existing  genera  cannot  exceed  that  of 
the  properly  primitive  ambiguous  classes. 

160.  From  this  and  Art.  157  we  at  once  infer  the  impossibility 
of  half  the  assignable  generic  characters,  and  this,  it  will  be  ob- 
served, independently  of  the  law  of  quadratic  reciprocity.  We 
have,  in  fact,  the  material  for  a  new  and  entirely  different  proof  of 
that  law :  this  is  Gauss's  '  demonstratio  secunda,'  (D.  A.  Art.  262). 

We  observe  that  when  D  =  —  1,  2,  —  2  or  an  odd  prime  ±p=l 
(mod  4),  there  is  only  one  genus,  namely  the  principal  genus :  and 
that  if  D  =  ±  pq  =  1  (mod  4),  where  p,  q  are  primes,  there  cannot 
be  more  than  two  genera.  The  law  of  reciprocity  is  established 
by  the  following  propositions : — 

1.  If  a  is  any  positive  number  of  the  form  4<n  +  3,  —  lNa. 

For  if  —  1  were  a  residue  of  a,  we  could  find  integers  b,  c  such 
that  —  1  =  b2  —  ac,  and  then  (a,  b,  c)  would  be  a  form  of  determinant 

—  1  with  the  character  %  =  —  1,  which  is  impossible. 

2.  If  p  is  a  prime  and  =  1  (mod  4),  —  lRp. 

For  the  form  (—1,  0,  p)  must  belong  to  the  principal  genus  for 
the  determinant  p  (which  is  the  only  existing  genus),  and  therefore 

-  lRp. 

3.  If  p  is  a  prime  and  =  1  (mod  8),  both  +  2  and  —  2  are 
residues  of  p. 

This  follows  from  the  consideration  of  the  forms 

(±8,1,TJQ>-1))    or  (±8,3,TJ(p-9)) 
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according  as  p  =  9  or  =1  (mod  16).  In  either  case  we  infer 
+  8Rp,  and  therefore  +  2Rp. 

4.  If  a  is  any  number  =  3  or  5  (mod  8),  2Na. 

For  otherwise  we  could  find  a  form  (a,  b,  c)  of  determinant  2, 
with  the  character     =  —  1. 

5.  If  a  is  any  number  =  5  or  7  (mod  8),  —  2Na. 

For  otherwise  there  would  be  a  form  (a,  b,  c)  of  determinant 
—  2  with  the  character  xty  =  —  1. 

6.  If  p  is  a  prime,  and  =  3  (mod  8),  —  2Rp. 

For,  considering  the  generic  characters  for  the  determinant  2p, 
the  forms  (1,  0,  -  2^?),  (—  1,  0,  2p)  show  that  these  are  (n  \p)  =  + 1, 
yfr  =  +  1,  and  (n \p)  =  —  1,  ^yfr  =  —  1.  Now  the  form  (—  2,  0,  p) 
gives  xfy  —  + 1)  and  therefore  also  (—  2  |  p)  =  +  1,  that  is,  —  2i2p. 

The  theorem  may  also  be  proved  by  combining  (1)  and  (4). 

7.  If  p  is  prime  and  =  7  (mod  8),  2Rp. 

One  of  the  forms  (8, 1,  |  (p  + 1)),  (8,  3,  £  (p  +  <?))  of  determinant 
— |),  is  properly  primitive :  and  since  there  is  only  one  genus,  we 
infer  SRp  and  therefore  2Rp. 

We  might  also  combine  (1)  and  (5). 

8.  Let  p,  q  be  two  odd  primes.  Then  first,  if  p  =  1  (mod  4), 
and  qNp,  we  shall  have  pNq.  For  otherwise  we  could  find  a  form 
{q,  b,  c)  of  determinant  p  with  the  character  (n  \p)  =  —  1. 

Secondly,  if  p  =  3  (mod  4),  and  qNp,  then  —pNq.  For  other- 
wise there  would  be  a  form  (q,  b,  c)  of  determinant  —  p  with  the 
character  (n\p)  =  —  l. 

Thirdly,  if-p  =  1  (mod  4)  and  qRp,  then  pRq.  If  q  =  1  (mod  4) 
this  follows  from  the  first  case,  because  pNq  would  involve  qNp. 
If  q  =  3  (mod  4)  then  —  5  =  1  (mod  4)  and  —qRp,  since  —  lify). 
Hence  by  the  second  case  we  infer  pRq. 

Lastly  if  p  =  3  (mod  4),  and  ^iilp,  then  —  jolfy. 

If  5  =  1  (mod  4)  it  follows  from  the  first  case  that  pRq,  and 
therefore  —pRq. 

If  q  =  3  (mod  4),  then  the  forms  (1,  0,  -  pq),  (-  1,  0,  pq)  shew 
that  the  generic  characters  for  the  determinant  pq  are  (n  \ p)  —  +  1, 
(n|g)  =  +  l,  or  else  (n\p)  = -1,  (n\q)  =  -  1.  The  form  (9,  0,  - p) 
gives  (n  \p)  =  +  1,  and  therefore  (—  p  \  q)  =  + 1,  that  is,  —pRq. 

This  completes  the  proof  of  the  law  of  reciprocity. 
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161.  It  is  a  remarkable  fact  that  every  class  of  the  principal 
genus  may  be  obtained  by  duplication :  that  is  to  say,  in  our 
former  notation  (Art.  159),  B  =  v,  and  therefore  g  =  k.  Two  proofs 
of  this  important  proposition  will  be  given  later  on,  one  depending 
on  the  theory  of  ternary  quadratic  forms,  and  the  other  derived 
from  Dirichlet's  transcendental  analysis.  Meanwhile,  the  truth  of 
the  theorem  will  be  assumed,  for  the  purpose  of  giving  a  more 
complete  account  here  than  would  otherwise  be  possible  of  the 
relations  which  connect  the  different  classes  in  respect  to  com- 
position. 

Let  H  be  any  class  of  the  principal  genus,  other  than  the 
principal  class.  Then  since  there  are  only  v  distinct  classes  in  the 
genus  altogether,  and  since  the  (v  +  1)  classes  H,  H2,  H3...Hv+l 
all  belong  to  it,  at  least  two  of  them  must  be  identical. 

Suppose  Hk  =      where  \  >  fi :  then  2ZA-'t  =  1,  or      =  1  where 
/  is  a  positive  integer  not  greater  than  v.    Let  /  now  denote  the 
least  positive  integer  such  that  H?  =  1 :  then  /  may  be  called  the 
exponent  to  which   the  class  H  appertains:   and  the  classes 
1,  H,  H2...Hf~l  may  be  said  to  form  a  period. 

Exactly  as  in  the  analogous  theory  of  residues  to  a  prime 
modulus  (see  Art.  18),  it  may  be  proved  that  f  divides  v,  so  that 
every  class  of  the  principal  genus  satisfies  the  symbolical  equation 
Hv  =  1. 

Again,  the  period  of  Hm  will  contain  fid  terms,  where 
d  =  dv  (m,  /) :  in  particular,  if  f  is  prime  to  m,  it  will  contain 
/  terms.  If  /  is  prime,  the  period  of  Hm  will  contain  /  terms,  for 
all  values  of  m. 

162.  If  the  principal  genus  contains  a  class  0  appertaining  to 
the  exponent  v,  the  determinant  is  said  to  be  regular.  In  this 
case,  the  period  of  0  comprises  all  the  classes  of  the  principal 
genus,  and  the  class  0  enjoys  properties  similar  to  those  of  a 
primitive  root  of  a  prime  modulus.  For  instance,  taking  0  as  a 
'base/  any  class  of  the  principal  genus  may  be  specified  by  its 
index :  there  will  be  <J)  (v)  classes  such  as  G,  any  one  of  which  may 
be  taken  for  a  base,  etc.  etc. 

When  the  determinant  is  regular,  the  principal  genus  contains 
one  or  two  ambiguous  classes,  according  as  v  is  odd  or  even.  For 
if  Gm  is  ambiguous,  G!2m  =  1  and  therefore  2m  =  0  (mod  v) :  hence 
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if  v  is  odd,  the  principal  class  is  the  only  ambiguous  class  in  the 
genus,  while  if  v  is  even,  Gv/2  is  also  ambiguous. 

If,  then,  the  principal  genus  contains  more  than  two  ambiguous 
classes,  the  determinant  is  certainly  irregular.  This  consideration 
enables  us  to  discover  irregular  determinants.  For  instance,  the 
three  primes  3,  13,  61  are  such  that  each  is  a  quadratic  residue  of 
each  of  the  other  two ;  and  the  determinant  —  2379  =  —  3.13.61 
is  irregular,  because  the  principal  genus  contains,  besides  the 
principal  class,  the  three  ambiguous  classes  (3,  0,  793),  (39,  0,  61), 
(13,  0,  183). 

163.  It  may  also  be  shewn  that  every  negative  determinant 
of  the  form  —  (8km  +  3)  m2,  when  k  is  any  positive  integer  (not 
zero),  and  m  any  odd  positive  integer  greater  than  1,  is  irregular. 
For  let  /,  =  (m2,  m,  8km  +  4),/2  =  (4m2,  m,  2km  +  1),  and  let  Ku  K2 
be  the  classes  to  which  /,  and  f2  belong.  Then  Kx  and  K2  are 
properly  primitive  classes  of  the  principal  genus,  and  it  can  be 
shewn  by  Arndt's  formulae  of  composition  (Art.  142  above),  that 

=  Kr\  and  K>  =  Kc\  whence  also  K*  =  Z23  =  1. 

Moreover  /i  and  /2  belong  to  different  classes ;  for  either  fj  or 
the  adjacent  form  (8km  +  4,  —  m,  m2)  is  reduced ;  and  similarly 
either  f2  or  its  equivalent  (2km  +  1,  —  m,  4m2)  is  reduced ;  the  two 
reduced  forms  are  in  no  case  equivalent,  and  neither  of  them  is 
the  principal  form. 

We  thus  obtain  three  distinct  periods  of  three  terms, 

(l,KuK,%   (l,K2tK2%   (1,  K?Ktt 

But,  in  the  case  of  a  regular  determinant,  a  period  of  three  terms 
can  only  occur  when  v  is  divisible  by  3 ;  and  even  when  this  is  the 
case  there  is  only  one  such  period,  namely  (1,  Gv/3,  02vl3)  where  0 
is  a  base  of  the  period  of  principal  classes.  The  determinant 
considered  is  therefore  irregular. 

We  see,  then,  that  an  infinite  number  of  irregular  determinants 
may  be  found;  it  should  be  observed,  however,  that  we  cannot 
obtain,  in  either  of  the  ways  just  explained,  all  the  irregular  deter- 
minants which  exist :  thus  there  are  prime  irregular  determinants, 
such  as  —  307.  It  does  not  appear  to  be  possible  to  find  a  general 
formula  which  will  apply  to  all  cases. 

164.  Returning  to  the  case  of  a  regular  determinant,  suppose 
that  0  is  any  class  whose  period  comprises  all  the  classes  of  the 
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principal  genus :  then,  by  the  theorem  which,  for  the  present,  we 
are  anticipating,  there  is  a  class  H  such  that  G  =  H2.  If  v  is  odd, 
we  may  evidently  put  H  =  Giiv+1\  and  in  fact  this  proves  the 
theorem  about  duplication  for  this  special  case.  The  principal 
genus  (1,  G1G2,...Gv~l)  contains  only  one  ambiguous  class:  and  if 
Au  -42-..^.jfe-i  are  the  other  ambiguous  classes,  the  remaining 
genera  will  be 

(Alf  AXG,  AxG\..AxGv-% 
(A„  A2G...A2Gv-l)...(Ak_1,  A^.  A^G*-*). 

Next  suppose  that  v  is  even.  In  this  case  H  cannot  belong  to 
the  principal  genus ;  for  if  it  did,  we  should  have  H  =Gm  and 
Qzm-i  _  i}  which  is  impossible.  There  will  therefore  be  two  asso- 
ciated genera,  the  principal  genus 

(1,  H\  HK..H*-*), 
and  (H,H\H\..H^). 

If  G  is  a  class  of  any  other  existing  genus,  all  the  classes  of 
that  genus  will  be  given  by 

(G,  CH2,  CHK..GH*>-% 

and  there  will  be  an  associated  genus 

(CH,  GHS...CH2V~1). 

It  is  also  evident  that  every  genus  contains  either  two 
ambiguous  classes  or  none:  viz.  if  any  genus  contains  an 
ambiguous  class  A,  it  will  also  contain  AHV  and  no  others.  Half 
of  the  existing  genera  will  contain  no  ambiguous  classes. 

We  may,  if  we  please,  adopt  a  similar  arrangement  when  v  is 
odd,  by  putting  H  =  AGi{v+1),  A  being  any  ambiguous  class,  not 
the  principal  class.  Thus  in  all  cases  we  have  a  class  H  with  2v 
terms  in  its  period ;  and  the  genera  arranged  in  corresponding 
pairs 

(A,  AH2,  AH*,... AH**-2),   (AH,  AH3,... AH2"-1), 

where  A  is  ambiguous:  each  ambiguous  genus  being  associated 
with  one  that  is  non-ambiguous,  or  ambiguous,  according  as  v  is 
even  or  odd. 

165.  In  illustration,  we  give  the  complete  tabulation  of  the 
primitive  classes  for  —  365.  There  are  four  genera,  each 
containing  five  classes :  so  that  both  modes  of  arrangement  are 
possible. 
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Characters  Comp. 


(ii). 

( 1. 

0, 

365) 

+ 

+  +  i 

1 

(  6, 

1, 

61) 

p 

9 

(  9, 

-2, 

41) 

p 

9* 

(  9. 

2, 

41) 

r 

93 

(  6, 

-1, 

61) 

p 

9* 

(11, 

3, 

34) 

+ 

-  -  / 

Oi93 

(15, 

5, 

26) 

p 

(10, 

5, 

39) 

p 

Oi 

(15, 

-5, 

26) 

p 

Oig 

(11. 

-3, 

34) 

p 

oig2 

(  2, 

183) 



+  -  a 

a2 

(  3, 

122) 

of* 

a*g 

(18, 

7> 

23) 

*P 

a2g2 

(18, 

~7' 

23) 

ap 

a2gs 

(  3, 

-*•, 

122) 

of* 

a2g* 

(17, 

-3, 

22) 

-  +af 

a*g* 

(13, 

-5, 

30) 

ap 

a3g* 

(  5, 

o, 

73) 

ap 

(13, 

5, 

30) 

a/7 

a3g 

(17, 

3, 

22) 

ap 

a3g2. 

166.  When  the  determinant  is  irregular,  the  classes  of  the 
principal  genus  cannot  be  arranged  in  one  period;  it  will  be 
possible,  however,  to  assign  a  certain  number  of  bases  such  that 
all  the  classes  of  the  genus  are  expressible  by  powers  and  products 
of  powers  of  these  bases:  and  any  particular  class  may  then  be 
specified  by  means  of  two  or  more  indices. 

Suppose  that  g  is  the  highest  exponent  to  which  any  class  of 
the  principal  genus  appertains :  then  the  exponent  belonging  to 
any  class  of  the  genus  will  divide  g.  This  is  proved  by  shewing 
(compare  Art.  20)  that  if  H,  K  appertain  to  the  exponents  g,  /, 
HK  will  appertain  to  the  exponent  fi,  where  fx  is  the  least  common 
multiple  of  e  and  /. 

Again  g  divides  v,  the  number  of  classes  in  the  genus.    For  if 
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1,  G,  G2...^-1  be  any  period  of  g  terms,  then  the  classes  of  the 
genus  may  be  arranged  in  sets  such  as  C,>GG,  CG2...GGff~1,  no  two 
of  which  have  a  class  in  common. 

The  quotient  v\g  is  called  by  Gauss  the  exponent  of  irregu- 
larity. In  Gauss's  tables  relating  to  definite  forms,  which  include 
more  than  4,900  negative  determinants,  the  only  exponents  of 
irregularity  which  occur  are  2  and  3,  with  one  exception, 

D  =  -  11907, 

for  which  it  is  9.  According  to  Pepin,  the  exponent  is  also  9  for 
D  =  _6075. 

For  further  details,  especially  with  regard  to  the  choice  of 
bases  for  irregular  determinants,  and  the  arrangement  of  classes 
not  contained  in  the  principal  genus,  the  reader  is  referred  to 
Smith's  Report,  Arts.  118,  119. 


Gauss  :  D.  A.  Arts.  234—265. 

Demonstration  de  quelques  theoremes  concernant  les  periodes  des  classes  des 
formes  binaires  du  second  degre'  (Werke,  ii.  266). 

Tafel  der  Anzahl  der  Classen  binarer  quadratischer  Formen  (Werke,  ii. 
449),  with  notes  and  corrections  by  Schering  (ibid.  p.  521). 

Smith,  H.  J.  S.  Report  on  the  Theory  of  Numbers,  Part  iv.  (Report  of 
British  Ass.  1862). 

Dirichlet-Dedekind  :  Vorlesungen  iiber  Zahlentheorie  (3rd  edition  1879) 
Supplement  x.  See  also  Dirichlet  :  Be  formarum  binariarum  secundi  gradus 
compositione  (Crelle,  xlvii.  (1854)  p.  155). 

Arndt,  F. :  Auflosung  einer  Aufgabe  in  der  Composition  der  quadratischen 
Formen  (Crelle,  lvi.  (1859)  p.  64). 

Ueber  die  Anzahl  der  Genera  der  quadratischen  Formen  (ibid.  p.  72). 

Lipschitz,  R.  :  Einige  Satze  aus  der  Theorie  der  quadratischen  Formen 
(Crelle,  liii.  (1857)  p.  238). 

Schering,  E. :  Die  Fundamental-Classen  der  zusammensetzbaren  arithme- 
tischen  Formen  (Gottingen  1869).  Also  in  vol.  xiv.  of  the  Abhandl.  d. 
konigl.  Gesellsch.  d.  Wiss.  zu  Gottingen. 

Poincar^,  H.  :  Sur  un  mode  nouveau  de  representation  geome'trique  des 
formes  quadratiques  definies  ou  indefinies.  (Journ.  de  l'Ecole  Polytechnique, 
cah.  47,  t.  xxviii.  (1880)  p.  177.)    See  especially  pp.  226  and  following. 

The  theory  of  composition,  as  now  understood,  is  principally  due  to  Gauss. 
Some  special  cases  of  composition  were  discovered  previously,  such  as 


with  the  analogous  theorem  of  Euler's  for  the  product  of  sums  of  four  squares 
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{x2 +f)  (x'2  +/2)  =  (xx  -  yy'f  +  {xtf  +  x'y)\ 


AUTHORITIES. 
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The  most  interesting  of  these  earlier  results  will  be  found  in  Lagrange's  memoir 
Sur  la  solution  des  probUmes  inde'termines  du  second  degrt  (Hist,  de  FAcad.  de 
Berlin  1767)  §  vi.  Lagrange  demonstrates  a  general  theorem,  which  is 
equivalent  to  what  would  now  be  called  the  duplication  of  the  form 

n  {xx + x28 + x362  + . . .  +  xn6n~l), 
where  xx,  x2,...xn  are  the  variables,  and  the  product  sign  extends  over  all 
values  of  6  for  which  $n  —  A  =  0,  A  being  any  integer.    See  also  the  additions 
to  Euler's  Algebra,  §  9. 

In  Vol.  lx.  of  Crelle's  Journal  (1862)  p.  357  there  is  a  table,  calculated  by 
Cayley,  which  gives  the  complete  classification  of  primitive  binary  quadratic 
forms  for  negative  determinants  from  D=  -  1  to  D=  - 100,  and  for  positive 
determinants,  other  than  squares,  from  D  =  2  to  D  =  99.  The  generic  charac- 
ters are  also  given,  and  the  composition  of  the  different  classes  is  indicated  by 
symbols  as  on  p.  181  above.  The  table  also  contains  the  periods  of  reduced 
forms  for  the  positive  determinants.  There  is  a  supplementary  table  relating 
to  the  thirteen  irregular  negative  determinants  which  are  numerically  less 
than  1000. 


CHAPTER  VII. 


Cyclotomy. 

167.  The  theory  of  indices  and  power-residues  cannot  have 
failed  to  remind  the  reader  of  the  binomial  equation  xm  —  1  =  0, 
upon  which  depends  the  division  of  the  period  of  the  circular 
functions.  The  analogy  is  by  no  means  accidental,  and  there  are, 
in  fact,  many  arithmetical  results  which  are  most  simply  expressed, 
and  most  easily  proved,  with  the  aid  of  the  complex  roots  of  unity; 
moreover,  as  Gauss  first  pointed  out,  the  problem  of  cyclotomy,  or 
division  of  the  circle  into  a  number  of  equal  parts,  depends  in  a 
very  remarkable  way  upon  arithmetical  considerations.  We  have 
here  the  earliest  and  simplest  example  of  those  relations  of  the 
theory  of  numbers  to  transcendental  analysis,  and  even  to  pure 
geometry,  which  so  often  unexpectedly  present  themselves,  and 
which,  at  first  sight,  are  so  mysterious. 

168.  The  equation  xm  —  1  =0  has  m  roots,  of  which  only  one 
is  real,  namely  1.  Expressed  in  terms  of  circular  functions,  the 
roots  are  given  by 

2A-7T     .  .   2hnr  . 

xh  =  cos  +  %  sin  —  =  e2hnllm 

mm 

(h  =  0,  1,  2...m-  1). 

From  this,  and  de  Moivre's  theorem,  the  propositions  which 
immediately  follow  may  be  deduced  without  any  difficulty;  in 
order,  however,  to  preserve,  as  far  as  possible,  the  analogy  with 
binomial  congruences,  they  will  be  proved  independently. 

If  a  is  any  root  of  xm  —  1  =  0,  and  e  is  any  integer,  ae  is  also 
a  root,  because  (ae)m  =  (am)e  =  le  =  1. 

Let  f  be  the  least  positive  integral  exponent  (not  zero)  such 
that  a/  =  1.    Since  am=  1,  it  is  clear  that  such  an  exponent  must 
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exist,  and  cannot  exceed  m.  It  is  called  the  exponent  to  which  a 
appertains.  The  root  1  appertains  to  the  exponent  1,  and  is  the 
only  one  of  the  kind. 

The  quantities  1,  a,  a2,. .  .ef~l,  where  a,  /  have  the  same  meanings 
as  before,  are  all  roots  of  xm  —  1  =  0.  Moreover  they  are  all  different, 
because  if  we  had  ap  =  ofl  with  p  <f  and  q  </,  it  would  follow  that 
0?-?=  1,  or  of'  =  1,  with  f  < /,  which  is  impossible. 

The  exponent  /is  a  divisor  of  m.    For  if  not,  let 

<to(m, /)  =  $</, 

and  choose  integers  p,  q  such  that  pm  +  qf=&  ;  then 
a«  =  (am)*(a/)9  =  l, 

where  8  <  /  contrary  to  the  condition  by  which  /  is  defined. 

Let  1,  a,  b,  c...l  be  the  <f>  (/)  numbers  which  are  less  than  / 
and  prime  to  it ;  Lhen  the  quantities 

a,  aa,  a6,  ac,...al 

are  all  different  and  all  appertain  to  the  exponent  /.  The  proof  of 
this  is  exactly  similar  to  that  of  Art.  19. 

In  particular,  there  are  $  (m)  roots  of  xm  —  1  =  0  which  apper- 
tain to  the  exponent  m.  These  are  called  primitive  mth  roots  of 
unity. 

All  the  roots  of  xm  —  1  =  0  may  be  arranged  into  groups,  each 
group  consisting  of  the  </>(/)  roots  appertaining  to  the  exponent 
/  where  /  is  any  divisor  of  m. 

It  follows  that  the  problem  of  finding  all  the  roots  of  xm  —  1  =  0 
is  the  same  as  that  of  finding  all  the  primifc  je  roots  of 
xm-  1=0,  ^-1  =  0,  xd'  -1=  0,  etc. 

where  m,  d,  d\  etc.  are  the  different  divisors  of  m,  unity  and  m 
inclusive. 

169.  Let  m  and  n  be  any  positive  integers  prime  to  each 
other ;  then  if  a,  /3  are  primitive  roots  of  xm  —  1  =  0  and  xn  —  1  =  0 
respectively,  a/3  is  a  primitive  root  of  xmn  —  1=0. 

For  suppose,  if  possible,  that  afi  appertains  to  the  exponent  d, 
so  that 

(a/3)d-l  =  0 

with  d  <  mn.  Then  since  (a/3)mn  —  1=0,  d  must  divide  mn,  and 
hence  d  =  mV,  where  ra',  n'  divide  m,  n  respectively. 
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Suppose  that  m  <m,  and  put  k  =  n/n,  which  is  an  integer. 
Then 

1  =  (a{3)dk  —  am'n  fimn 

— —  Qpn'n 

since  ftn  =  l.  Now  dv  (m,  m'ri)  =  m',  so  that  we  can  find  integers 
x,  y  such  that 

xm'n  +  ym  =  m  ; 
and  hence  am'  =  (am'n)aj  (am)f  =  1, 

with  m'  <m;  but  this  is  impossible.  Similarly  the  hypothesis 
n  <  n  leads  to  /3n'  =  1,  which  is  impossible ;  therefore  m  =  m, 
n'  =  n,  d  =  mn,  and  the  proposition  is  proved. 

By  the  repeated  application  of  this  theorem,  the  discovery  of 
the  primitive  roots  of  xm  —  1  =  0,  where  m=pa qbrc...  is  made  to 
depend  upon  finding  the  primitive  roots  of  xpa  —  1  =  0,  x^b  —  1  =  0, 
etc. ;  p,  q,r...  being  the  different  prime  factors  of  m. 

170.  For  the  present,  we  shall  suppose  that  m  is  an  odd  prime, 
p,  so  that  the  equation  considered  is 

This  has  p  roots,  of  which  (p  —  1)  are  primitive  and  satisfy  the 
equation 

xp  —  1 

Xp  =   zr  =  XP-1  +  XP~*  +...+£»+  1  =  0. 

V       X  —  1 

When  there  is  no  risk  of  ambiguity,  X  will  be  used  instead  of 
Xp  to  denote  the  polynomial  (asp  —  l)/(x  —  1). 

If  r  is  any  root  of  X  =  0,  then  all  its  roots  are  given  by 
r,  r2,  r8,. .  .r*~\  The  equation  is  therefore  of  the  type  discussed  by 
Abel  in  his  Memoir e  sur  une  classe  particulihre  d' equations  resolubles 
algdbriquement  (Crelle  iv.  (1829),  p.  131),  all  the  roots  being  ex- 
pressible as  rational  functions  of  any  one  of  them.  It  is,  so  to  speak, 
the  normal  form  of  Abelian  equation  with  real  integral  coefficients; 
the  roots  of  all  such  equations,  according  to  Kronecker,  being 
expressible  as  rational  functions  of  complex  roots  of  unity.  (See 
Serret,  Alglbre  Supdrieure  (4th  ed.)  ii.  p:  684.) 

171.  The  polynomial  X  is  irreducible,  in  the  sense  that  it 
cannot  be  expressed  as  the  product  of  two  polynomials  of  lower 
degree  with  rational  coefficients. 

Many  proofs  of  this  very  important  proposition  have  been  given; 
the  one  which  will  be  adopted  here  is  due  to  Eisenstein  (Crelle 
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xxxix.  (1850),  p.  166).  Before  giving  it,  however,  it  will  be 
necessary  to  prove  a  lemma  which  was  first  enunciated  by  Gauss. 
(D.A.  Art.  42.) 

The  lemma  is  as  follows  : 

Let  F{x)  =  xp  +  a^-1  +  a^-2  +. . .+  ap  be  a  polynomial  in  x 
with  integral  coefficients,  the  coefficient  of  the  highest  power  of  x 
being  unity  :  then,  if  F  (x)  can  be  expressed  as  the  product  of  two 
other  polynomials 

f(x)  =  xm  +  b^™-1  +  b&m~*  +. . .+  bm, 

<f>  (x)  =xn  +  d#n_1  +  C2#n-2  +...+  cn, 

where  m  +  n  =  p,  and  the  coefficients  are  rational,  these  coefficients 
hi,  Ci  must  also  be  integral. 

We  may  suppose  that  bt,  C{  are  reduced  to  their  lowest  terms. 
Assuming  that  they  are  not  integral,  let  p  be  a  prime  which  occurs 
in  any  of  the  denominators ;  then  among  the  coefficients  6f  there 
will  be  one,  say  bh,  the  denominator  of  which  contains  p  to  a 
higher  power  than  the  denominator  of  any  of  the  preceding 
coefficients  bu  62v&/i-i>  and  to  at  least  as  high  a  power  as  any  of 
the  following  denominators ;  and  similarly  among  the  coefficients  Ci 
there  will  be  one,  say  c*,  the  denominator  of  which  involves  a 
higher  power  of  p  than  the  denominator  of  any  of  the  preceding, 
and  at  least  as  high  a  power  as  any  of  those  which  follow.  It 
may  happen  that  p  does  not  occur  at  all  in  the  denominators  of 
the  b{  \  in  this  case  we  put  b%  —  1,  and  in  the  same  way  we  may 
have  to  put  Ck  —  1,  but  we  cannot  have  bh  =  1  and  Ck=  1  simul- 
taneously.   Hence  we  may  write 

hh=i-  Ck=h> 

where  a  +  ft  ^  1,  and  e,f,  e\f  are  integers  prime  to  p. 

Now  the- coefficient  oi  xn~h~k  in  the  product  of  f(x)  and  <j>(x) 
is  equal  to 

hck  +  h+i  Cjfc-i  +  bh+2  Cfc_2  +  . . . 

+  bh-!  cjfc+i  +  bh_2  cjfc+2  +  . . . 

The  first  term  of  this  expression  is  ee' 'lff'pa+fi,  and  the  denomi- 
nators of  the  other  terms  cannot  involve  p  to  so  high  a  power  as 
jDa+0;  bence  the  sum  of  all  the  terms  must  be  of  the  form 

P  +  Qpy 
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where  P,  R  are  integers  prime  to  p,  and  7  is  a  positive  integer  at 
least  equal  to  1.  This  expression  is  necessarily  a  fraction,  because 
p  is  a  factor  of  the  denominator,  and  the  numerator  is  prime  to  p. 
This  is  inconsistent  with  the  assumption  that  the  coefficients 
of  /<£  or  F  are  all  integral ;  and  the  lemma  is  therefore  proved. 

Eisenstein's  proof  of  the  irreducibility  of  X  depends  on  the 
following  proposition  : — 

If  p  is  a  prime  number,  the  polynomial  f{x)  is  irreducible  if  the 
coefficient  of  the  highest  power  of  x  is  unity,  the  absolute  term  ±  p, 
and  all  the  other  coefficients  divisible  by  p. 

It  is  clear  that  if  f(x)  can  be  resolved  into  the  product  of  two 
polynomials  with  rational,  and  therefore  integral  coefficients,  we 
must  have 

f(x)  =  (xm  +  b^xm~l  +  . . .  +  bm^x  ±  1)  (xn  +  Caff""1  +  . . .  +  c^-i  x  ±  p). 
The  coefficient  of  x  on  the  right  hand  is 
±  cn_!  ±  pbm-i, 

and  since  this  is  divisible  by  p,  we  have  cn-Y  =  0  (mod  p).  The 
coefficient  of  x2  is 

+  cn_2  +  cn_16m_1  +  pbms, 

and  from  this  we  infer  that  cn_2  =  0  (mod  p).  Proceeding  in  this 
way,  we  find  that  all  the  coefficients  clf  c2, ...  cn_!  are  divisible  by 
p\  hence  the  coefficient  of  xn  on  the  right-hand  side  of  the 
assumed  identity  is 

±  1  +c1&m_1+c2&m„2+  ...  =  ±1  (mod^); 

but  this  contradicts  the  hypothesis  that  it  is  divisible  by  p.  The 
assumed  resolution  into  factors  is  therefore  impossible. 

To  apply  this  to  the  polynomial  X,  we  first  transform  it  by 
changing  x  into  x  +  1 ;  it  is  obvious  that  if  the  new  polynomial  X' 
is  irreducible,  so  also  is  X.    Now  the  value  of  X'  is 

fe+ifci=<r,+J)^+«^+...+?, 

(#+1)  —  1  1  2, 

the  coefficients  being  those  of  the  binomial  expansion  (1  +  x)p. 

All  the  coefficients  except  the  first  are  divisible  by  p,  so  that 
X'  satisfies  the  conditions  laid  down  in  the  preceding  proposition ; 
hence  X',  and  therefore  also  X,  is  irreducible. 
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172.  Let  r  be  any  root  of  the  equation  X  =  0  ;  then  every 
rational  integral  function  of  r  with  rational  coefficients  may  be 
reduced,  without  altering  its  value,  to  the  form 

c0  +  car  +  c2r2  +  . . .  +  Cp-jr*-2. 
For  suppose  that  F(r)  is  any  rational  integral  function  of  r, 
the  degree  of  which  exceeds  (p  —  2).   By  the  process  of  algebraical 
division  we  can  establish  the  identity 

F(x)=QX+R, 

where  the  degree  of  R  is  less  than  (p  —  1).  Putting  x  =  r,  we 
have  F(r)  =  the  value  of  R  when  x  =  r ;  and  this  is  an  expression 
of  the  form  given  above. 

Since  the  coefficient  of  the  highest  power  of  x  in  X  is  unity,  it 
follows  that  if  the  coefficients  of  F(r)  are  all  integers,  the 
coefficients  c0,  cl}  etc.  will  also  be  integers. 

The  reduction  thus  effected  is  unique.    For  if  we  put 

c0  +  W  +  c2r2  +  . . .  +  cp-2ri>-2  =  c0'  +  c/r  +  c/r2  +  ....  +  c'^r^, 

so  that    (c0  - c0')  +  (ca -  Ci) r  +  . . .  +  (cp_* - c^-a) r?-2  =  0, 

we  must  have 

Co     Cq  —  Ci     Ci  =  . . .  =  Cp_2     C  ^_2  —  0  5 

because  otherwise  r  would  satisfy  an  equation,  with  rational 
coefficients,  of  lower  degree  than  p  —  1 ;  this  is  impossible,  since 
X  is  irreducible. 

The  simplest  way  of  making  the  reduction  is  to  substitute  for 
every  term      its  equivalent  r*#,  where  A.'  is  the  least  positive 
residue  of  h  to  modulus  p ;  if,  after  this,  there  are  any  terms  in 
r^1,  we  replace  rp~l  by  the  equivalent  expression 
-  (r^"2  +  r?-3  +  . . .  +  r  + 1). 

More  generally  let 

be  any  rational  function  of  r ;  </>  (?•),  \|r  (r)  being  polynomials  in  r. 
Then  we  have  identically 

_  ^(r).^).^)-"  ■»(**"') 
^     ^  (r) .     (r2) .  ^  (r3)  . . .  yfr  (r^"1) ' 

Now  the  denominator  is  a  symmetric  function  of  the  roots  of 
X  =  0,  and  may  therefore  be  expressed  in  a  form  which  is  inde- 
pendent of  r ;  the  numerator  is  a  rational  integral  function  of  r, 
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and  may  therefore  be  reduced  as  above.  Finally  we  obtain  f(r) 
in  the  form 

f(r)  =  c0  +  c2r  +  c2r2  +  . . .  +  c^r*"2, 

where  the  coefficients,  however,  will  not  generally  be  integers.  If 
the  coefficients  of     (r)  are  integers,  the  product 

yfr  (r)yjr(r2)  ...  ^  (rP'1) 
is  a  real  integer  N;  and  if  the  coefficients  of  <f>  (r)  are  also  integers, 
then  c0,  c1}...cp-2  will  be  rational  fractions,  the  denominators  of 
which  are  divisors  of  N. 

In  relation  to  the  equation  X  =  0  the  quantities 

>/r(r),  ty{r%  ...firP-1) 

are  said  to  be  conjugate ;  and  the  expression 

JSr  =  yjr(r).f  (r2) . . .  f  (rP-1) 

is  called  the  norm  of  (r)  and  written  Nm.f  (r).  These 
definitions  must  not  be  confounded  with  those  of  Art.  94. 

173.  We  shall  now  give  an  account  of  Gauss's  theory  of  the 
algebraical  solution  of  X  =  0 ;  but  before  doing  so,  it  seems 
desirable  to  explain  the  precise  object  of  the  investigation.  So 
far  as  notation  goes,  the  simplest  way  of  expressing  the  solution  is 
to  say  that  the  roots  of  X  =  0  are  all  the  values  of  l1^  except  1 ; 
and  in  a  certain  sense  this  is  also  the  theoretically  simplest  form 
of  the  solution.  But  if  we  classify  algebraical  functions  according 
to  the  character  of  the  irrationalities  which  they  necessarily 
involve,  the  matter  is  quite  different.  Thus,  for  instance,  when 
p  =  5,  the  equation  X  =  0  is 

#4  +  ;c3  +  #2  +  #  +  l=0, 
and  if  we  put  x  +  x~x  =  y  this  becomes 
2/2  +  2/-l=0; 

the  roots  of  which  are 


Hence  the  four  values  of  x  are  obtained  by  solving  the  two 


2/i  = 


-1  +  V5 
2 


2/2  = 


-1-V5 
2 


quadratics 


-  y&  +  1  =  0,     x2  -  y&  +  1  =  0 ; 


whence 


x  — 


-  1  ±  V5  +  v"- 10  +  2V5 
4 


or 


-  1  ±  V5  -  V- 10  T  2V5 

4  : 


gauss's  periods. 
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and  although  these  expressions  are  more  complicated  than  11/5,  of 
which  they  are  values,  still  they  are  to  be  considered  more  simple 
in  so  far  as  they  do  not  involve  the  extraction  of  any  higher  root 
than  the  second ;  and  from  this  point  of  view  the  reduction  of  the 
solution  of  (x*  —  V)l(x  —  1)  =  0  to  that  of  a  set  of  quadratic  equations 
is  to  be  regarded  as  an  essential  simplification. 

In  a  similar  way  it  can  be  shewn  by  Gauss's  method  that,  in 
the  general  case  when  p  is  any  odd  prime,  the  solution  of  Xp  =  0 
may  be  made  to  depend  upon  a  system  of  auxiliary  equations,  the 
character  of  which  is  essentially  connected  with  the  resolution  of 
(p  —  1)  into  its  prime  factors.  In  particular,  if  p  is  a  prime  of  the 
form  2n+l,  such  as  3,  5,  17,  257,  etc.,  the  simplest  auxiliary 
system  is  composed  entirely  of  quadratic  equations;  and  since 
quadratic  equations  may  be  graphically  solved  by  the  construc- 
tions of  Euclid's  Elements,  the  remarkable  conclusion  follows  that 
regular  polygons  of  3,  5,  17,  257, ...  sides  may  be  constructed  by 
Euclidean  methods. 

174.  The  whole  investigation  is  based  upon  a  peculiar  method 
of  grouping  the  roots  of  X=0.  It  has  already  appeared  (Art.  170) 
that  if  r  is  any  one  of  the  roots,  then  the  whole  set  of  (p  —  1)  roots 

is  given  by  r,  r2,  r3  r^_1.    Now  let  g  be  a  primitive  root  of  the 

congruence  xP~x  —  1  =  0  (mod  p) ;  then  the  roots  of  X  =  0  may  be 
equally  well  represented  by 

r,      r&t  r^,...  rgp~iy 

r,  as  before,  denoting  any  one  of  the  roots. 

Let  p—  l=efbe  any  resolution  of  (p  —  1)  into  two  factors, 
and  write 

Vo    =r     +r0e   +7**°   + ...+  r^f-1)e, 
^    =r9    +  r^+1  4-  r^+l  +  . . .  +  r&,~1)°H, 

rjk    =  r9k  +  r9e+k  +  r9e+k  +  . . .  +  r&f~1)e+k, 

These  quantities  will  be  called  the  /-nomial  periods  of  the 
roots.  If  we  change  r  into  rm,  rjk  is  transformed  into  rjhH  where 
i  =  ind^m;  that  is  to  say,  we  produce  a  cyclical  permutation  of  the 
periods.    The  particular  period  denoted  by  rfk  will  depend  upon 
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the  choice  of  g,  as  well  as  upon  that  of  r;  but  it  is  easily  seen  that 
in  every  case  we  have  the  same  set  of  periods,  only  in  a  different 
order. 

As  a  matter  of  convenience,  we  may  extend  the  notation  of  the 
periods  by  allowing  the  suffixes  to  assume  all  integral  values 
whatever.  The  equations  defining  the  periods  will  remain  just 
the  same,  and  we  shall  have  n^  =  rjk  if  k'  =  k  (mod  e). 

Of  course,  in  the  practical  calculation  of  the  periods,  the 
exponents  of  the  different  powers  of  r  may  be  reduced  to  their 
least  residues  (mod  p). 

Example.    Suppose  p  =  13,  e  =  4,/=  3. 

Taking  g  =  2,  we  have  the  four  periods 

Vo  =  r  H-r3  +T9, 

^  =  ^  +  7*  4-r8, 

If  g  =  6,  the  periods  are  the  same,  in  the  same  order ;  if  we 
take  g  =  7  or  11,  they  are 

Vo=V0>   Vl=Vs>   Vz'  =  V2>  V3=V3- 

175.  If  in  the  expression  for  tfc  we  change  r  into  r^e,  the  value 
of  7)k  is  not  altered;  all  that  happens  is  that  the  terms  which 
compose  it  are  cyclically  interchanged.  With  this  fact  is  con- 
nected the  important  proposition  that 

Every  rational  function  of  r  which  remains  unaltered  when  r  is 
changed  into  rge  may  be  expressed  as  a  linear  function  of  the 
f-nomial  periods. 

By  Arts.  172,  174  we  may  suppose  the  given  rational  function 
of  r  reduced  to  the  form 

$  (r)  =  a0r  -f  cw*  +  a2r^  +  . ..  +  ap_2 r^-2 
where  a0,  au  ...  ap-2  are  independent  of  r. 

Change  r  successively  into  r^e,  r^6, ...  r&f~l)e :  each  of  these 
substitutions  leaves    (r)  unaltered  :  therefore 

<f>  (r)  =  a0r*  +  axr^x  +  a^2  +  . . . 
=  a0r^  +  a^1  +  a2^  +  . . . 
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Hence,  by  addition, 

/.  <j>  (r)  =  a0»7o  +  aiVi  +  •  •  •  +  ctp-2  Vp-2 
=  (a0  +  ae  +     +  . . .  +  afe)  rj0 
+  (oj  +  ae+1  +  a2e+1  +  . . .  +  r\x 
+  ... 

+  (ae_x  +  a2e-i  +  • . .  + 
and  the  proposition  is  proved. 

If  the  coefficients  a0,  alf  etc.  are  rational,  we  have 
<f>  (r)  =  hvo  +  hvi  +  . . .  +  Ve-i 
where  b0)  b1}  etc.  are  rational:  and  if  the  coefficients  at  are  integers, 
the  coefficients  6*  must  be  integers  also,  because  each  power  of  r 
occurs  in  only  one  of  the  periods  and  then  with  a  coefficient  1.  In 
fact,  we  have  in  this  case 

bQ  =  a0  =  ae  =  ...  =  a,fe, 

b1  =  a1  =  ae+1  =  ...  =  a(/_D  e+1 , 

and  so  on. 

Exactly  as  in  Art.  172,  it  may  be  proved  that  the  reduction  is 
unique,  and,  in  general,  that  a  relation 

0>oVo  +  (hVi  +  .  • .  +  ae-i  Ve-i  =  b0Vo  +  Mi  +  •  • .  +  be-i  Ve-i, 

with  coefficients  c^,  bi  independent  of  r,  implies  that  Oi  =  b{; 
because  if  we  substitute  for  the  periods  their  expressions  in  terms 
of  r,  and  then  divide  both  sides  of,  the  given  relation  by  r,  we 
obtain  an  equation  satisfied  by  r  the  degree  of  which  does  not 
exceed  (p  —  2);  this  can  only  be  if  the  equation  reduces  to  an 
identity. 

176.  It  follows  immediately  from  the  theorem  of  last  article 
that  every  rational  function  of  the  periods  may  be  expressed  as  a 
linear  homogeneous  function  of  them ;  and,  in  particular,  that 
every  rational  integral  function  of  the  periods  with  integral 
coefficients  may  be  expressed  as  a  linear  homogeneous  function 
of  the  periods  with  integral  coefficients. 

In  the  practical  application  of  this  theorem  it  is  useful  to  re- 
member that  %7]i  =  r  +  r2  +  ...  rp~l  =  —  1. 

♦ 

As  an  illustration,  let  us  take  the  example  of  Art.  174,  in 
which  p  =  13, 

Vo  =  r  +  r*  +  r9,  rj2  =  r4  +  r10  +  r12, 

rji  =  r*2  +  r6  +  r*,  y3  =  r7  +  r8  +  r11. 
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We  have  here,  for  instance, 

t?02  =  r2  +  2r*  +  rs  +  2r10  +  2r12  +  r5  =  ^  +  2^2 , 
V0V2  =  %  +  %  +  3  =  -  3% -  2% -  3?;2 -  2773, 

and  so  on. 

177.  Every  rational  symmetric  function  of  the  periods  with 
rational  coefficients  is  a  rational  number. 

Let  S  be  the  given  symmetric  function  ;  then  it  may  be  re- 
duced to  the  form 

S  =  aorj0  +  djrii  +  . . .  +  ae_j 
where  a0,  al,...ae-l  are  rational.    Since  S  is  not  affected  by 
cyclical  permutation  of  the  periods, 

S  =  a0*?i  +  ctiV2  +  •  •  •  +  Vo 
=  (hy2  +  a^rfs  +  . . .  +  ae_i  Vi 

=  atfe-i  +  «i^7o  +  •  •  •  +  Ve-z- 

Therefore,  by  addition, 

eS  =  XaJZrji  =  -  2at- 

and  $  is  a  rational  number.  It  is,  in  fact,  obvious  enough  that 
S  =  —  a0  =  —a1  =  ...  =  —  «e_i. 

In  particular,  the  elementary  symmetric  functions  of  the 
periods,  that  is  to  say,  2^,  Xrji^kt  etc.  are  rational  integers. 
Therefore  the  periods  r)0)  77x,...  ^-1  are  the  roots  of  an  equation 

F(v)  =  0 

of  degree  e  and  with  integral  coefficients :  the  coefficient  of  tf 
being  unity. 

The  polynomial  F(rj)  is  irreducible,  in  the  sense  that  it  cannot 
be  resolved  into  the  product  of  two  integral  functions  of  77  of  lower 
degree  with  rational  coefficients.  For  suppose,  if  possible,  that 
F(7))  =  (f>  (77)  .  ^(77) :  then  the  equation  </>  (77)  =  0  is  satisfied  by  a 
certain  number  of  the  periods,  say  rja,  t]^,...rjK,  and  we  may 
suppose  that  none  of  these  periods  involves  rP~l,  because,  if  r*~l 
did  occur,  we  could  take  -\|r  (77)  instead  of  <f>  (77).  Let 

then,  by  supposition,  a  is  rational,  and  therefore  integral  (Art.  171), 
and  we  have 

V*  +  VP  +  •  •  •  +  V\  +  «  =  o ; 
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but  if  r)a,  r)p,  etc.  are  expressed  in  terms  of  r  this  is  an  equation  in 
r  with  integral  coefficients  and  of  degree  less  than  (p  —  1),  and  by 
Art.  171  this  cannot  possibly  be  satisfied. 

The  same  result  may  also  be  very  easily  deduced  from  the  last 
paragraph  of  Art.  175. 

178.  The  most  direct  way  of  forming  the  equation  F(r))  =  0 
is  by  actually  calculating  the  values  of  the  symmetric  functions 
%rn,  XrjiVk,  ^ViVkVh  etc.  which  are  the  coefficients  of  F(tj).  Prac- 
tically, however,  it  is  more  convenient  to  proceed  as  follows. 

Let  rj  be  any  one  of  the  periods :  then,  by  Art.  176,  we  can 
express  77770,  7777^  rjrj2)...  t]t]e-v  as  linear  functions  of  the  periods,  so 
that 

Wo  =  aoVo  +  «i%  + ...  +  Ve-i, 
Wi  =  hvo  +  hvi  +  •  •  •  +  h-\  Ve-i, 


From  these  e  linear  equations  770,  %, ...  T)e-X  may  be  eliminated 
and  the  result  appears  in  the  form 

(77  —  Oo),     —  au  —  a2,  . . . ,     —  ae_! 

-   b0,  (f)  —  61),  —  b2,  ...  ,       —  £>e-i 


F(V)  = 


0. 


Thus,  for  instance,  in  the  example  already  considered  (p  =  13), 
if  we  take  77  =  770  we  have 

Wo  -  771  -  2t72  =0 
-*7o +  (*?-!)  171  -i7s  =  0 

3770+  277!  +  (17  +  3)  772  4-  2t73  =  0 


-i?2  +  (i7-l)%  =  0 


whence 


which  reduces  to 


v> 

-1, 

-2, 

0 

-1, 

17-1, 

0, 

-1 

3, 

2, 

17  +  3, 

2 

-1, 

0, 

-1, 

77-I 

=  0, 


774  +  77s  +  2t72  -  477  +  3  =  0. 
The  reader  who  wishes  for  more  numerical  illustrations  should 
consult  Reuschle's  Tafeln  Complexer  Primzahlen  (Berlin,  1875). 
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179.  Every  root  of  F(r))  =  Q  may  be  expressed  as  a  rational 
integral  function  of  any  one  assigned  root  77. 

Suppose,  for  instance,  we  put  77  =  rj0 ;  then  we  can  form  the 
system  of  equations 

-  1  =  Vo  +  Vi  +  V2  +  •  •  •  +  Ve-i, 
Vo  =  Vo, 

*?o2  =  a<>*7o  +  diVi  +  a2V2  +  •  •  •  +  Ge-i  Ve-i , 
Vo3  =  hVo  +  Mi  +  hVz  +  •     +  be-i  Ve-i, 

Vo6'1  =  hVo  +  hVi  +  kv*  +  •  •  •  +  h-i  Ve-i , 

and  hence,  if  A  is  the  determinant  formed  by  the  coefficients  on 
the  right-hand  side,  we  have,  for  all  values  of  k, 

&  -Vk  =  A0  +  Atfo  +  A2r)02  h-  ...  +  i4e_!  V1, 

where  A0,  Alf ...  Ae^  are  integers.  This  proves  the  proposition, 
provided  that  A  is  not  zero.  But  A  cannot  vanish,  because  if  it 
did  rj0  would  satisfy  the  equation 

A0  +  Am  +  . . .  -f  Ae_x  V"1  =  0, 

which  is  impossible,  since  F{rj)  is  an  irreducible  function. 

The  method  of  this  article  affords  another  way  of  constructing 
the  equation  F  (77)  =  0 :  namely  by  combining  with  the  above 
system  of  equations  the  similar  one 

Voe  =  moVo  +        4-  m2r)2  +  ...  +  me_x  i)e_x , 

and  then  eliminating      rj2, ...  Ve-i- 

As  an  illustration,  the  reader  may  verify  that  for  the  trinomial 
periods  r)0,  r)1}  r)2,  rj3  associated  with  p  =  13, 

3^  =  -  6  +  4t70  +  3 V  +  2V, 

3*72  =    3  -  2770         -  7703, 

3*73  =       -  5?7o-  3t7o2  -  *7o3- 

180.  Each  of  the  /  roots  of  X  =  0,  the  aggregate  of  which 
makes  up  any  one  of  the  /-nomial  periods,  satisfies  an  equation  of 
the/th  degree,  the  coefficients  of  which  are  linear  functions  of  the 
periods  with  integral  coefficients. 

It  has  already  been  observed  (Art.  175)  that  the  effect  of 
changing  r  into  r9"  is  to  produce  a  cyclical  permutation  of  the 


SOLUTION  OF  X6  =  0. 


197 


roots  which  make  up  a  period :  hence  all  symmetric  functions  of 
these  roots  remain  unaltered,  and  may  therefore  be  expressed  as 
linear  functions  of  the  periods.    This  proves  the  proposition. 

Thus,  in  the  case  already  chosen  for  illustration,  the  roots 
r,  r3,  r°,  of  which  the  sum  is  r)0,  satisfy  the  equation 

a?  —  r)^  +  rj^pc  -  1  =  0 ; 
and  in  the  same  way  the  equations 

a?  —  ffjpf  +  r^e  —1=0, 

a3  —  7]2x2  +  r)(y%  —  1  =  0, 

a?  —  l/gtf2  +  V)XX  -1=0, 
are  satisfied  by  (r2,  r5,  r6),  (r4,  r10,  r12),  and  (r7,  r8,  r11)  respectively. 
Remembering  that  rj0  may  be  any  root  of 

F(v)  =  v4  +  V3  +  V  -  4>v  +  3  =  0, 
and  that  iylf  t/2,  ^3  can  be  expressed  as  rational  functions  of  rj0, 
we  see  that  by  the  '  adjunction '  of  the  single  irrationality  rj0,  which 
is  denned  by  the  equation  F  (77)  =  0,  the  polynomial  X13  may  be 
resolved  into  the  product  of  four  polynomials  each  of  the  third 
degree ;  so  that  the  solution  of  X1Z  =  0,  which  is  of  the  twelfth 
degree,  is  reduced  to  that  of  one  quartic  and  three  cubic 
equations. 

But  in  the  case  considered  the  reduction  may  be  carried  one 
stage  further.    There  are  two  periods  of  six  terms, 

£i  =  Vo  +  rh> 

%2  =  Vl  +  V3> 

and  it  is  easily  verified  that 

6  +  t.— 1, 

fif.  —  S: 

so  that      £2  are  the  roots  of 

Moreover  r)0rj2  =  ^  +  rj3  +  3  =  £2  +  3  :  hence  t/0,  rj2  are  the  roots 
°f  y2  —  K\V  +  (Ca  +  3)  =  0,  and  in  the  same  way  r}1}  rj3  are  the  roots 
of  y2  —      +  (£i  +  3)  =  0.    Hence  the  solution  of 

if  +  t?3  +  2r)2  -  4irj  -  3  =  0 
is  made  to  depend  upon  the  system  of  auxiliary  quadratics 

z2+  z-3  =0, 
2/2-&/  +  (&  +  3)  =  0, 
2/2-^  +  (ri  +  3)  =  0. 
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The  algebraical  solution  of  Xl3  =  0  may  therefore  be  stated  in 
the  following  form  — 

Let  £  be  any  root  of     z2  +  z  —  3  =  0, 
V  any  root  of  jf-&  +  (*-Q  =  0, 

f  any  root  of  a?  —  rjx2  +  (£  —  r))x  —  1=0; 

then  x  =  f  is  a  solution  of  X13  =  0. 

181.  In  the  general  ease,  whenever  e  is  a  composite  number, 
say  e'f,  the  expressions 

So      =Vo     +Ve'      +Vie'     +  "•■+V{f-i)e-, 
?i     —Vi      +  Ve  +i   +  Vk'+i  +  •••  +V  (f'-De+i, 

=  Ve>-i  +  Vze'-i  +  Vne'-i  +       +  Ve-i, 

are  periods,  and  will  satisfy  an  equation  F1(£)  =  0  of  degree  e 
with  integral  coefficients ;  and  by  the  adjunction  of  a  root  of  this 
equation,  the  polynomial  F(r})  may  be  resolved  into  the  product  of 
e'  polynomials,  the  coefficients  of  which  are  integral  functions  of  £. 

In  the  same  way,  if  /  is  a  composite  number,  say  exfu  any 
period  r)k  may  be  expressed  as  the  sum  of  ex  periods,  each  of./, 
terms ;  and  the  /,-nomial  periods  of  each  such  group  are  the  roots 
of  an  equation  of  degree  e,  whose  coefficients  are  rational  functions 
of  the  rj's,  or,  which  is  the  same  thing,  of  any  one  of  them. 

Proceeding  in  this  way  we  see  that  the  solution  of  Xp  =  0  may 
be  obtained  from  a  system  of  auxiliary  equations,  the  degrees  of 
which  are  the  prime  factors  of  (p  -  1) ;  the  number  of  the  equations 
being  equal  to  the  number  of  factors. 

The  system  of  equations  will  depend  upon  the  way  in  which 
the  roots  of  X  =  0  are  distributed  into  successive  groups  of 
periods.    Practically,  it  is  best  to  keep  conjugate  roots  rh,  r~h 
together  in  the  same  period  until  the  last  stage  of  all,  because 
then  the  roots  of  the  auxiliary  equations  will  all  be  real,  except 
in  the  case  of  the  last,  which  will  be  a  quadratic  with  complex 
roots.    Thus,  for  instance,  when  ^  =  13,  we  may  begin  with  the 
three  periods  of  four  terms,  and  form  the  auxiliary  system 
z3  +  z2  -  4z  4-  1  =  0, 
y2-&  +  (£2  +  £-3)  =  0, 
X2-r}x+l=Q, 

where  £  is  any  root  of  the  first  equation,  and  77  is  any  root  of  the 
second. 


CONGRUENTIAL  ANALOGY. 


199 


The  solutions  of  X17  =  0  and  Xi9  =  0  are  given  explicitly  in 
Arts.  353,  354  of  the  Disquisitiones  Arithmetics :  the  reader  may 
also  consult  Richelot,  De  resolutione  algebraica  cequationis  X257  =  1, 
etc.  (Crelle  ix.  (1832),  p.  1),  and  Cay  ley,  Note  sur  la  solution  de 
I'equation  x257  -1=0  (ibid.  xli.  (1851),  p.  81). 

It  is  now  well  known  that  there  is  no  general  formula  for 
expressing  the  root  of  an  equation  as  an  algebraic  function  of 
the  coefficients,  when  the  degree  of  the  equation  exceeds  4.  This 
was  to  some  extent  anticipated  by  Gauss  (D.  A.  Art.  359,  with  the 
reference  there  given),  but  was  first  proved  by  Abel.  Now  the 
degrees  of  the  auxiliary  equations,  upon  which  the  solution  of 
Xp  =  0  has  been  made  to  depend,  are  the  prime  factors  of  (p  —  1), 
some  of  which  may,  and  in  general  will,  exceed  3.  Hence  Gauss's 
theory  of  the  periods  gives  us  no  assurance  that  the  roots  of 
Xp  =  0  may  be  obtained  in  the  form  of  purely  algebraical  irration- 
alities. That  this  is  in  fact  the  case  was  discovered  by  Gauss, 
whose  method  was  afterwards  simplified  by  Jacobi ;  but  since  the 
interest  of  the  problem  is  mainly  algebraical,  and  its  solution 
immediately  follows  from  the  principles  laid  down  in  Abel's 
memoir  on  equations  which  are  solvable  by  radicals,  we  prefer  to 
pass  on  to  applications  which  are  more  distinctly  arithmetical  in 
character1. 

182.  If  q  is  a  prime  of  the  form  \p  +  1,  where  p,  as  before,  is 
an  odd  prime,  the  congruence  #^  —  1  =  0  (mod  q)  has  all  its  roots 
real,  and  the  same  will  therefore  be  the  case  with  Xp  =  0  (mod  q). 
All  the  algebraical  theory  of  the  equation  Xp  =  0  may  be  applied 
mutatis  mutandis  to  the  congruence  Xp  =  0  (mod  q) :  thus  we  may 
arrange  the  roots  of  the  congruence  into  periods,  and  reduce  the 
solution  of  Xp  =  0  to  that  of  a  set  of  auxiliary  congruences,  etc.  etc. 
For  example,  if  p  =  13,  q  =  5S,  we  may  take  as  a  system  of 
auxiliary  congruences  for  the  solution  of  Xn  =  0  (mod  53) 


1  For  the  explicit  solution  of  Xp  =  0  the  reader  should  consult  Gauss,  Disq.  Aritji. 
Arts.  359 — 60,  and  the  posthumous  paper  Disquisitionum  circa  cequationes  puras 
ulterior  evolutio  (Werke  ii.  243) ;  Jacobi,  Ueber  die  Kreistheilung  und  ihre  Anwendung 
auf  die  Zahlentheorie  (Berl.  Monatsb.,  Oct.  1837,  p.  127,  or  Crelle  xxx.  p.  166) ; 
Abel,  Memoire  sur  une  classe  particuliere  d'equations  resolubles  algebriquement 
(Crelle  iv.  (1829),  p.  131).  See  also  Bachmann's  Kreistheilung,  8te  Vorlesung,  where 
other  references  will  be  found. 


+  z  -  3  =  0\ 
2,2- &  + (2 -0  =  0      (mod  53). 
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The  first  may  be  written  (z—  l){z  +  8)=  0 ;  if  we  take  £=  7, 
the  second  congruence  becomes 

tf^y  -5  =  0, 
or  (y  +  21)(y-28)  =  0. 

Putting  77  =  —  21,  we  have 

o3  +  21a;2  +  28#-  1  =  0, 

whence  x=—  4,  —  6,  —  \\.  All  the  roots  of  Xu  =  0  are  given  by 
x  =  {-  6)*,  where  jfc  =  1,  2, ...  12. 

It  may  be  specially  noticed  that  corresponding  to  the  equation 
F(rj)  =  0,  satisfied  by  the  /-nomial  periods  (Art.  177),  we  have  a 
congruence  F(rj)  =  0  (mod  q)  all  the  roots  of  which  are  real,  and 
connected  by  congruential  relations  precisely  similar  to  those 
which  are  satisfied  by  the  algebraical  periods.  Thus,  for  instance, 
when^)=  13,  we  have  a  period-equation  (Art.  178) 

7?4  +  773+  2772-  4t7  +  3  =  0; 

the  roots  of  the  corresponding  congruence,  mod  53,  are 

77  =  14,  -  21,  -  22,  -  25. 

If  we  put  770=  14,  then  in  order  that  the  relations  connecting 
the  roots  may  be  the  same  as  for  the  corresponding  equations,  we 
must  write 

771  =  -  25,  7,2=-22, 

and  so,  in  general,  when  any  root  of  the  congruence  has  been 
chosen  to  correspond  to  a  particular  period,  say  7/0,  the  relation  of 
the  other  roots  to  the  remaining  periods  is  determined  (cf.  Art. 
174). 

The  results  of  this  article  were  evidently  familiar  to  Gauss, 
although  he  did  not  publish  them ;  see  the  paper  entitled  Solutio 
congruentice  xm  —  l  =  0,  which  is  printed  in  the  second  volume  of 
his  works  (p.  199).  It  will  be  seen,  later  on,  what  important 
consequences  have  been  deduced  from  them  by  Cauchy,  Kummer, 
and  others. 

183.  For  every  odd  prime  p  there  will  be  two  periods,  each 
containing  i(p—  1)  terms;  denoting  them  by  A  and  B,  we  may 
write,  in  our  previous  notation, 

A=r  +r^  +  r»4+...  +  r^-3, 

B  =  r*  +  t&  +  r*6  +  . . .  +  r^2. 


CASE  OF  TWO  PERIODS. 


201 


Since  1,  g2,  #4, ...  gp~z  are  all  incongruent  with  respect  to  p,  we 
have  A  =  £ra,  where  the  summation  extends  to  all  the  positive 
quadratic  residues  of  p  which  are  less  than  p ;  and  in  the  same 
way  B  =  XrP,  where  ft  denotes  any  one  of  the  quadratic  non- 
residues  of  p  which  are  positive  and  less  than  p. 

In  order  to  find  the  quadratic  equation  of  which  A  and  B  are 
the  roots,  we  may  calculate  the  values  of  A  +B  and  AB.  We  have 
at  once  A  +B  =  —  1,  but  the  determination  of  A  B  is  less  easy. 
We  know  (Art.  177),  that  its  value  is  a  real  integer;  moreover  it 
may  be  written  in  the  form 

AB  =  Xr^, 

where  the  sum  on  the  right  contains  £  (p  -  I)8  terms.  The  term 
r"4^  reduces  to  1  if 

this  gives  —  ft  =  a  (mod  p),  which  can  only  happen  if  —  1  is  a  non- 
residue  of  p,  that  is  to  say,  if  p  =  3  (mod  4).  Conversely,  if  this 
is  the  case,  for  every  term  ra  which  occurs  in  A  there  is  a 
corresponding  term  rp~a  in  B,  and  when  we  multiply  A  and  B 
together,  we  obtain  i(p  —  1)  terms  each  equal  to  unity.  The 
remaining  terms  of  the  product,  J  (p  -  l)2  —  J  (p  —  1)  in  number, 
must  reduce  to  r  +  r2  +  . . .  +  r*-1,  that  is  —  1,  taken 

times ;  hence  AB  =  £  (p  -  1)  -  £  (p  —  3)  =  \  (p  +  1),  and  the  equa- 
tion satisfied  by  A  and  B  is 

V*  +  V  +  i(p  +  l)  =  0- 
On  the  other  hand,  if  p  =  1  (mod  4),  it  is  impossible  that 
a  +  ft  =  p,  so  that  in  this  case 

and  the  quadratic  in  rj  is 

v*  +  v-i(p-i)  =  o. 

Both  cases  are  included  in  the  formula 

1  _  (_  i)Hp-D  v 
V*  +  V+      K  4  F  =  o. 

184.    If  we  solve  the  quadratic  we  obtain 

v=  o  ; 
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now  when  p  and  r  have  been  chosen  the  value  of  A  is  perfectly 
determinate,  and  the  question  arises  how  the  ambiguity  is  to  be 
taken  when  r  and  p  are  assigned.  We  observe  that  if  r  is  changed 
into  rm,  where  m  is  prime  to  p,  A  and  B  remain  unaltered,  or  are 
interchanged,  according  as  m  is  or  is  not  a  quadratic  residue  of  p. 
Hence  it  is  sufficient  to  find  the  value  of  A  for  any  one  value  of 
r ;  we  shall  suppose  that  r  =  e2^.  This  being  so,  the  value  of  A 
may  be  written 

A  =  tfni/p  +  &nilp  +  e18^  +  . . .  +  ei(p-n^Hp 

S  =  l 

Instead  of  this  we  shall  consider  the  slightly  more  general 
expression 

s=n-l 

«=o 

where  n  is  any  positive  real  integer,  and  the  sum  consists  of  n 
terms.  The  determination  of  the  value  of  S  has  lately  been 
effected  by  Kronecker  in  a  remarkably  simple  and  elegant  manner 
with  the  help  of  Cauchy's  theory  of  complex  integration  (Crelle 
cv.  (1889),  p.  267) ;  his  investigation  will  therefore  be  given  here 
before  discussing  the  less  direct,  although  more  arithmetical, 
methods  of  Gauss  and  Dirichlet. 

Consider  the  expression 


4>{z) 


this  is  a  one-valued  function  of  the  complex  variable  z  which  is 
finite  and  continuous  for  all  finite  values  of  z,  except  when  z  is  a 
real  integer.    Putting  z  =  h,  a  real  integer,  we  have 

Lt .  (z  -  h)  <h(z)  =  -^-. 

so  that  z  =  h  is  a  simple  pole  of  <j>  (z). 

Now  by  a  well-known  theorem,  due  to  Cauchy,  the  integral 
f<f)  (z)  dz,  taken  in  the  positive  direction  round  any  closed  contour 
G  which  encloses  a  certain  number  of  poles  of  <j>  (z),  is  equal  to  the 
sum  of  the  values  of  the  same  integral  taken  in  the  positive 
direction  round  closed  contours  each  surrounding  one  of  the  poles 
enclosed  by  C. 


gauss's  summations. 
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To  apply  this  to  the  present  case,  we  choose  for  the  contour  G 
that  which  is  represented  in  Fig.  6.  It  consists  of  a  rectangle 
with  two  semicircular  notches  cut  out  of  it :  the  vertices  of  the 
rectangle  are  ±  iy1 ,  ±  iyx ,  and  the  terminal  points  of  the  semi- 
circles are  at  ±iy0>  \n  ±iy9  respectively.  We  shall  eventually 
make  yx  =  +  oo  and  y0  infinitesimal :  and  it  will  be  supposed  in  the 
first  instance  that  y0  <  \ ;  thus  if  n  is  odd,  the  poles  within  G  are 
1,  2,  3  ...  £  (n  —  1),  and  if  n  is  even  they  are  1,  2,  3, . . .  (Jn  -  1). 

r 


Fig.  6. 

First  suppose  that  n  is  odd.  The  value  of  f<f>(z)dz  taken 
round  an  infinitesimal  circle  surrounding  the  pole  z  =  s  is 

 L  gsirfstyn  1 2iri  =  —  e2nig2/n. 

Next  consider  the  integration  over  G.  The  semicircle  at  the 
origin  gives  ultimately,  when  y0  is  infinitesimal, 

IT 

2 

the  other  semicircle  gives  nothing,  since  \n  is  not  a  pole. 
The  remaining  part  of  the  integration  gives 

f  Vl  i<j>  (it)  dt  +  f  **  <j>  (-  iyx  +  t)dt+(  *  i<f>  (\n  +  it)  dt 

J  -Vo  JO  J  -y,  I   /  A  \ 

+     ^  ( +  it)  dt+l    $  (iyx  +  t)  dt  +     ^  (&)  cfa 
where  £  is  a  real  variable. 
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Now  it  is  easily  seen  that  the  second  and  fifth  of  these  integrals 
ultimately  vanish  when  yx  =  +  oo  ,  because 

where  (t)  does  not  become  infinite,  and  y1(l-2^/n)  is  not 
negative  ;  while 

4>{iyi  +  t)  =  e-*"tyJn.x(t)> 

where  %  (t)  does  not  become  infinite.  In  each  case  the  exponential 
factor  causes  the  integral  to  vanish. 

The  first  integral  in  (A)  may  be  written 

-i\  it)  dt ; 

hence  the  sum  of  the  first  and  last 


=  -  i  f    {</)  (it)  +  <f>(-  it)}  dt, 

J  Vo 

J  yo 


Vo 

J  yo 

on  reduction. 

With  regard  to  the  other  two  integrals,  we  observe  that 


<t>(\n  +  it) 


-2irt 


g-2Trit2/n 


whence  the  sum  of  the  remaining  integrals 
=  i  I   {(j>(^n  +  it)  +  <f>(in-  it)}  dt, 

=  {n+l  jVle-2nitVn  fa  =  -  i^+i  f 1  e-2*UVn  >  fa 

J  Vo  '  Vo 

If  we  make  y0  infinitesimal  and  yx  infinite,  we  have  ultimately 
|   e-2nit  /n  dt  =  s/n  j       e-™iu2  du 

J  Vo  J  VoNn 


Vo  J  yo/y/n 

e-2niu*  fa 


JO 


0 

=  A\jn 

where  \]n  is  taken  positively,  and  A  is  a  constant  which  is  inde- 
pendent of  n.    Hence  finally,  n  being  odd, 

s=i(n-D 

b-(i  +  i3n+1)  A*Jn  =  -Z  e™*ln, 

5  =  1 
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or,  multiplying  by  2  and  transposing, 

S=2A*Jn  (*+***»). 
To  determine  A,  put  n  =  3 :  then  8  =  i*J3,  so  that 

1  =  2A 

therefore  -4  =  9  , 

and  £  =   \     .  -  y  ft. 

1  + 1 

This  may  also  be  written 

which  is  Kronecker's  form  of  the  result.  It  must  be  carefully 
remembered  that      is  the  positive  square  root  of  n. 

The  same  formula  applies  when  n  is  even  ;  the  only  difference 
in  the  work  is  that  Jn  is  now  a  pole,  and  the  semicircle  at  \n  ulti- 
mately contributes  \  instead  of  zero  to  the  integration  round  G. 

The  results  may  be  tabulated  according  to  the  residue  of  n  to 
modulus  4.    Thus  if 

n=0  (mod  4),  S  =  (1+  i)  sin, 

=  1  —  \]n 

=  2  =  0 

=  3  =  i  \jn. 

Suppose,  now,  that  n  is  an  odd  prime  p ;  then  the  expression 
denoted  by  A  in  the  beginning  of  this  article  is  equal  to  \  (S  —  1), 
that  is,  to 

2  °r  2 
according  as  p  =  1  or  3  (mod  4). 

185.  Dirichlet's  method  is  somewhat  analogous  to  the  pre- 
ceding, but  avoids  the  use  of  the  complex  variable.  It  depends 
upon  the  lemma  that  if  f{x)  is  a  function  of  x  which  is  finite  and 
continuous  so  long  as  0  ^  x  ^  it, 


+  oo  /V 

2  /(•). 

-08  J  0 


cos  sx  dx  =  tt/(0), 
where  the  summation  applies  to  all  integral  values  of  s. 
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Observing  that,  if  r  is  a  positive  integer, 

r(2r+l)rr  Tn- 

I         f(x) .  cos  sx  .dx  =  \  /(2r7r  +  x)  cos  s#  cfo?, 

J  2rir                                               J  0 
f(2r+2)7r  /V   

I         /(#)•  cos  5a;. dx=  I  /(2r  +  2.7r  — #)coss#d#, 

J(2r+l)ir  Jo 

we  infer  that  if  h  is  a  positive  integer,  and  f(x)  satisfies  the  same 
conditions  as  before  so  long  as  0  ^  x  ^  Shir, 

2         /(«)  cos  sx  dx  =  2  <  I    +1     +  . . .  +  I  ^  /(#)  COS  S# 

-oo  Jo  -oo  (Jo       lit  J  (2A-1)jt) 

f  {/(a?)  +/(2tt  -  a?)  +  /(2tt  +  x)  +  . .  ./(2Att  -  a?))  cos  sx  dx 

-00  J  0 

=  w  (/(O)  +  2/(2tt)  +  2/(4tt)  + ...  +  2/(2^2  .  tt)  +  f(2k*)\. 

Consider  now  the  integrals 

u  =  [     cos  x2  dx  =  I   £21^  cty, 

J -oo  Jo  s/y  * 

v  =  f    sin  #2  c2a?  =  f  S"?^  ; 
^  —oo  Jo  s/y 

it  is  easily  seen  that  these  are  finite  and  determinate,  in  whatever 

way  the  upper  limit  of  integration  is  supposed  to  become  infinite. 

Writing  ax2  for  x2,  where  a  is  finite  and  positive,  we  find 

r+oo  /•+» 

I     cos  ax2 .  dx  —  u/y/a,     I     sin  ax2  ,dx  —  v\*Ja, 

J  —  00  J  —  CO 

\fa  being  taken  positively :  and  hence,  if 

r+oo 

A  =  J     cos  (8  +  a?2)  dx  —  u  cos  8  —  v  sin  8, 

where  8  is  any  finite  quantity,  we  have 

/•+»  A 
I     cos  (8  +  a#2)  dx  —  -j- . 

J  —oo  Va 

Now  let  /3  be  a  finite  positive  quantity:  then  the  integral  last 
written  may  be  replaced  by 

+  f  p+l)0 

Z  I        cos  (8  +  ax2)  dx 

-00  J  S& 

where  the  summation  extends  to  all  integral  values  of  s. 

r<*+i)0  rp 

But  cos  (3  +  ax2)  dx  =     cos  [8  +  a      +  x)2}  dx, 

J  sP  JO 
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and  if  we  put  /3  =  4ra7r,  a  =  l/8m7r,  where  mis  a  positive  integer, 
this  reduces  to 

=  J     cos  ^8  +  g^j;)  cos  sxdx  —  j     sin  ^8  +  g~~)  sm  saj  ^ 

Since  the  second  integral  on  the  right  hand  is  an  odd  function 
of  x,  and  we  may  suppose  the  values  of  s  arranged  in  the  order 
5  =  0,  +1,  ±  2,...  ±h  where  h  is  an  indefinitely  large  integer,  we 
have  finally 

^    +oo  rAfmir         t  X2  \ 

-j-  =  A  v8ra7r  =  2        cos  [  8  +  E—  )  cos  sx dx. 
Va  -oo  Jo         \  SmirJ 

Writing,  for  the  moment, 

«»(*+ .-==)-/<«* 


8»l7r/ 

the  application  of  the  previous  lemma  gives 

A  V8m7r  =  tt  {/(0)  +  2/(2tt) + 2/(4ir) +..".'+  2/(4m-2 .  tt)  +  /(4row)}. 

Now,  if  s  is  any  integer,  f{kmir  +  2stt)  =/(2s7r):  hence  the 
expression  on  the  right  may  be  replaced  by 

tt  j/(0)  +  /(2tt)  + ...  +  /(4m7r)  +  /(4m  +  2  .  tt)  + . . .  +  /(8m-2.7r)) 


4m- 1 

7rX/(2s7r) 


therefore 


5»r 


A  v8m7r  = tt  2  cos  o  +  3—  =tt  -toos  o  2  cos5  sm  S  2  sin 

o       V      2m/        (        o       2m  0 

Since  A  =  u  cos  S  —  v  sin  8,  and  the  formula  is  true  for  all 
values  of  8,  it  follows  that 

4m -1    4m -1  _ 

2  cos  —  =  wv8mk        2  sin  x—  =  vyT^mfrr. 
o        2m  '  o        2m  ' 

To  determine  u  and  y,  which  are  evidently  independent  of  m, 
we  put  m  =  1,  which  gives  u  =  v=  ^f^ir  ;  and  hence  finally 

4»-l         s2(7r      4m-l    .  s^ 

2  cos  — =   2  sms — =  2Vm. 
o        2m       o  2m 

Following  Dirichlet,  we  shall  write 

n2  e^'n  =  <f>  (h,  n), 
o 
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where  n  is  a  positive  integer,  and  h  is  also  integral  but  not 
necessarily  positive.  Thus  the  result  which  we  have  just  obtained 
may  be  expressed  by  the  formula 

<£(1,  4m)  =  2  (1  +  i)  */m, 
or,  which  is  the  same  thing, 

<f>  (1,  n)  =  (1  +  %)  s/n,  if  n  =  0  (mod  4). 

186.    It  immediately  follows  from  the  definition  that  if 

h'  =  h  (mod  n),     (A',  n)  =  (f>  (h,  n). 
Moreover,  if  a  is  any  integer  prime  to  n, 
(ha\  n)  =  <l>  (h,  n) : 

w-l 

because  by  definition    (^a2,  w)  =  2  eihm)2ni/n,  and  when  s  assumes 

o 

the  values  0,  1,  2...(n— 1),  the  least  positive  residues  of  as  to 
modulus  n  consist  of  the  same  numbers  in  a  different  order. 
Another  theorem  which  we  shall  require  is  the  following : — 
If  the  positive  integers  m,  n  are  prime  to  .each  other,  then 

<f>  (hm,  n)  .  <f>  (hn,  m)  =  <j>  (h,  mn). 
To  prove  this,  we  observe  that,  by  definition, 

x   v  Mr*?)  /s=0,l,2,...»-i\ 

ms2    nt2    (ms  +  nt)2    n  , 

now   h  —  =   -  1st, 

n      m  mn 

therefore        <f>  (hm,  n)  .  <f>  (hn,  m)  =  2 

But  the  expression  ms  +  nt  assumes  mn  values  altogether,  and 
it  is  easily  proved  that  these  are  all  incongruent  (mod  mn), 
because  if 

ms'  +  nt'  =ms  +  nt  (mod  mn), 
we  infer  that  ms  =  ms  (mod  n)  and  nt'  =  nt  (mod  m),  whence 
s'  =  s  (mod  n)  and  t'  =  t  (mod  m),  whereas  in  the  present  case  all 
the  values  of  s  are  incongruent  (mod  n)  and  all  the  values  of  t  are 
incongruent  (mod  m). 

Hence  the  integers  ms  +  nt  form  a  complete  system  of  residues 
to  modulus  mn,  and  therefore 

mn-l 

2  ^hni(ms+nt)Vmn  _    £  tfhsfini/mn  =  Q  ^ 
0 

and  the  theorem  is  proved. 
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187.  Suppose,  now,  that  n  is  an  odd  number ;  then,  putting 
m  =  4,  h  =  1,  we  obtain 

0(4,  n)<t>(n,  4)  =  0(l,4n). 
As  already  proved,  0(1,  4w)  =  2  (1  +         and  by  definition 
0  (ti,  4)  =  1  +  e2"'"74  +  e8nffi/4  +  eimvilA 
=  2(1 +in); 
moreover,  by  putting  h  =  1,  a  =  2  in  the  formula 

(j>  (ha?,  n)  =  <f>  (h,  n), 
we  find  <f>  (4,  n)  =  <j>  (1,  n)\ 

hence  •  2(1  +  in)  <j>  (1,  n)  =  2  (1  +  iy», 

or  <Hl,n)=i^V" 

=  \]n  or  iy7^ 

according  as  w  =  1  or  3  (mod  4). 

Finally  let  n  =  2  (mod  4) ;  then,  since  2  is  prime  to  Jri, 
we  have  <}>(2,  $ri) .  <f>  (\n>  2)  =  0  (1,  w), 

but  0  (in,  2)  =  0  (1,  2)  =  0 ;  therefore  0  (1,  n)  =  0.  The  value  of 
0 (1,  ft)  has  now  been  determined  for  all  integral  values  of  n\  the 
results  are,  of  course,  in  agreement  with  those  of  Art.  184,  because 
<f>(l,n)  is  the  expression  there  denoted  by  8. 

188.  We  will  now  give  some  account  of  Gauss's  demonstration, 
which,  as  already  remarked,  has  the  advantage  of  not  requiring 
the  aid  of  any  transcendental  analysis  except  the  elementary 
theory  of  the  circular  functions. 

Consider  the  expression 

.  _  (1  -  xm)  (1  -  xm~l)  (1  -  x™-*) ...  (1  -  x™-**1) 
(™>>M-  (\-x)(l-x'l)(l-x*)...(l-x») 

where  ra,  /n  are  positive  integers.  If  ra  <  fi,  the  numerator  involves 
the  factor  1  —  x°,  and  therefore  (ra,  =  0 ;  we  proceed  to  prove 
that  if  ra  ^  /x,  (ra,  fi)  is  a  rational  integral  function  of  x. 

It  is  obvious,  in  the  first  place,  that 

(ra,  ra  —  /x)  —  (ra,  /a), 
if  ra  s  fi ;  and  also  that       (fi,  fx)  =  1. 
Again,  since 

1  _  xm  =  (1  -  a™-*-1)  +  xm-»~l  (1  - 
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it  follows  that  (m,  u  +  1) 

{(1  -  4  xm-y.-i  (1  _  x  (1  _  a-m-i)  . . .  (1  - 

(l-^)(l-«2)...(l-^+1) 

=  (m  -1,^  +  1)  +  xm-'J--1  (ra  - 1,  /it) 

=  (m-2,  //,+  !)  +  ^m-M-2 (m _  2,  /Lt)  +  a?m-'*-1(m-l,  /*) 


=  (//,  + 1,^  +  1) +  #0  +  1,  fi)  +  a2(/u  +  2,  j*)  + ...  +  (m - 1,  fi) 

=  1  +  #(/*  + 1,     +        +  2,  /*)+  ...  +  a^-1(m-l, 
supposing  that  m  ^    +  2. 

Hence  if,  for  any  fixed  value  of  /z-,  the  expression  (ra,  /jl)  is  a 
rational  integral  function  of  x  for  all  positive  integral  values  of  ra, 
the  same  will  be  true  of  (ra,  /x  +  1).  But  (ra,  1)  =  (1  —  xm)/(l  —  x), 
which  is  a  rational  integral  function;  therefore  the  theorem  is 
true  for  (ra,  2),  and  hence  successively  for  (ra,  3),  (ra,  4),  and  so  on. 
This  proves  the  proposition. 

189.    Now  let  us  write 

x     ,     l-xm    (\  -  xm)(\  -  xm~l) 

=  1  -(m,  l)  +  (ra,  2)-(ra,  3)+  .... 
This  contains  (ra  +  1)  terms,  the  last  being  (—  l)m,  and  since, 
by  the  proposition  just  proved,  each  term  is  a  rational  integral 
function  of  x,f(x,  m)  is  also  a  polynomial  in  x. 

If  ra  is  odd,  f(x,  ra)  =  0  identically,  because  the  first  term 
cancels  out  with  the  last,  the  second  with  the  last  but  one,  and  so  on. 

Next,  suppose  ra  is  even.    We  have  identically 
1=1 

-(ra,  l)  =  -(ra-l,  l)-xm~l 
+  (m,  2)  =  +  (ra  -  1,  2)  +  xm~2  (ra  -  1,  1) 
-(ra,  3)  =  -(ra-l,  3)-xm~3  (ra  -  1,  2), 
and  so  on ;  whence,  by  addition 

f(x,m)={l  -  -  #™-2)(m  -  1, 1)  +  (1  -  2™-3)(m  -1,2)-... 

=(1  -  a;"1-1)  {1  -  (ra  -  2, 1)+  (ra  -  2,  2)  - . . .  .to  (m  -  1)  terms) 
=  (1  -xm~1)f(x,  ra-2) 
=  (1  -  x™-1)  (1  -  xm-*)f(x,  ra  -  4) 
=  (1  -  *■»-*)  (1  -  a;"1-8)  (1  -  xm  ') ...  (1  -  #)/(#,  0) 
=  (1  -a?)(l-^)(l-^)...  (1-a?™-1). 


gauss's  transformation. 


211 


190.  Hitherto  x  has  been  any  quantity  whatever:  we  will 
now  suppose  that  x  =  e?ni/n,  where  n  is  an  odd  positive  integer,  and 
we  will  write  m  for  (n  —  1).    This  being  so,  we  have 

l  —  xm  _  1  -  a?"1  j 

1  —x  ~  1  —x  ~  ' 
1  -x™-1  _  l-x~2  _  _  _2 

1  _  ^2     -    1  _  ^  ~       X  ' 


 =  =  —  : 

1  -of-        I- of-  ' 

hence  (ra,  /a)  =  (- 1  Yar^  "i+1> , 

and  the  identity 

f(x,  m)  =  (l-x)(l  -x*)(l-x>)...(l  -a7*-1) 

becomes 

1  +      +  x~3  +  . . .  +  x-^+l)  +  . . .  +  ar-^(n-l> 

=  (1  -  x)  (1  -  a?)  (1  -  a?)  ...  (1  -  «»-2). 
Since  ar2,  like     is  a  primitive  root  of  xn-l  =  0,  we  may  change 
x  into  x~2,  and  thus  obtain 
1  +x*  +  a?+  ...  +  a^+1>  +  ...  +  a?w<n"1> 

=  (1  -  x-*)  (1  -  ar6)  ...  (1  -  x-™+4). 

Multiply  both  sides  by 

x.x3  .x* ...  xn~2  =  xi{n~1)2 ; 
then  on  the  right  hand  we  have 

(x  -  x-1)  (x*  -  x~3)  . . .  (xn-*  -  arn+2), 
while,  if  we  observe  that 

J  (n  - 1)2  +  ^  (M  +  1)  =  i  {n2  -  2n  4-  (2/u,  + 1)2} 

=  I  (n  -  2fi  -  l)a    (mod  n), 
the  expression  on  the  left  becomes 

xi(n-i)*  +  X\(n-Z)i  +  ^(n-5)3  +  ...  +  #i(n+3)a  +  X^n+1)\ 

Rearranging  this,  we  have  finally 
S=l       +       ...  +  x<n-v2  =  (x  -  a;"1)  (a?-ar3)  . . .  (a?n-2  -  af-"+2). 
Now  x  —  x~l=  ar"*+1  —  xn-\ 

x*-x-z=  «-n+3  -  xn~\ 

and  so  on :  therefore 

&  =  (_  1         .     _  art)  (a?  _  tfHt)     _  ^j-s)  , ,  .  (a-n-i  _  ^-n+i) 

=  (-  1         .  a*»(»+i) .  (1  -  x-*)  (1  -  x-4) ...  (1  -  ar2n+2) 
=  (_  l)J(n-i) w> 
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because  x*n{n+1)  =  1,  and  a?-2,  x~\  ...  x~m+i  are  the  (n—  1)  roots  of 
the  equation  1  +  x  +  x2  +  . . .  +  xn~x  =  0. 

Hence  S  = ±  \fn  or  +  iV  w  according  as  n  =  1  or  3  (mod  4) :  and 
it  only  remains  to  determine  the  signs  of  the  ambiguities. 

Now  x11  —  x~h  =  2i  sin       :  therefore 
n 

S  =  2*<w-1>         n  sin  —    [h  =  1, 3, 5, . ..(w  -  2)]. 

First,  suppose  n  =  1  (mod  4) :  then  the  values  of  h  which  make 

.  2Att 
sin        negative  are 

i(n+l),  £(»  +  5),...(n-2), 
that  is,  J(n  —  1)  values  in  all;  and  the  sign  of  S  is  the  same  as 
that  of 

(_l)*(n-i>  =+lj 

so  that  /Si  =  4- 

On  the  other  hand  if  n  =  3  (mod  4)  the  values  of  /&  which  make 

,  2Att 
sin        negative  are 

Kn  +  8),  i(n  +  7),...  (n-2), 
that  is,  there  are  £(w  —  3)  values  in  all.    Hence  S  =  1$',  where  the 
sign  of  S'  is  the  same  as  that  of 

(_l)i(«-S).(_l)i<n-3r  =  +  1; 

consequently  S  =  +  tV^- 

Gauss  proceeds  to  find  the  value  of  S  when  n  is  even :  this 
part  of  his  investigation  will  be  omitted  here,  because  it  is  much 
simpler  to  proceed  as  in  the  latter  part  of  Dirichlet's  proof  given 
above. 

191.  A  very  interesting  application  of  the  theory  is  the  new 
proof  which  it  affords  of  the  law  of  quadratic  reciprocity.  Gauss 
has  given  a  more  general  theorem  of  which  the  law  of  reciprocity 
is  a  particular  case :  the  proof  which  will  be  given  here  is  taken 
from  Dirichlet  (Zahlentheorie,  3rd  ed.  p.  297). 

Suppose  that  in  the  preceding  formulae  n  is  an  odd  prime  p : 
then  we  have 

<f>  (1,  p)  =  Xe28*"^  =  i^P-^Wp. 
We  may  also  write 

<j>(l,p)  =  l  +  2Se*<"ri'P, 
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where  the  summation  extends  to  the  %(p  —  1)  quadratic  residues 
of  p  which  are  positive  and  less  than  p.  Moreover,  if  /3  stands  for 
any  one  of  the  ^(p  —  1)  non-residues  of  p, 

1  +  Xe^P  +  Xe2^ilp  =  0, 

and  hence  (1,  p)  =  $e*>-*Up  _  %#fi*i/pm 

In  the  same  way 

$  (h,  p)  =  %e2hanite  -  Xe2h^ni,P. 

Now  if  hRp,  haRp  and  hfiNp :  while  if  hNp,  haNp,  hfiRp : 
therefore 

cf>  (h,  p)  =  (h\p)  </>  (1,  p)  =  (h\p)  i^Wp. 
Hence  if  q  is,  like  p,  an  odd  prime, 

<l>(q,p)  =  (q\p)ii{p-1)Wp, 

t(p,q)  =  (p\q)i^-vWq. 

Also  by  Art.  186, 

<M?>  p)  <t>(p>  q)  =  4>(1>pq) 

Therefore  (p  \  q)  (q  \  p)  —  i\ 

where  X  =  i{(pq  -  V?  -  (p  -  If  -(q-  l)2} 

=  i  {(P2  -  1)  (g2  -  1)  -  2     -  1)     -  1)} 
=  i(p-l)(q-l){(p+l)(q+l)-2} 
=  i(p-l)(q-l)    (mod  4). 
Consequently       (p  \  q)  (q  \  p)  =  t *  (p~1) 

=  (_  X)Hp-i)  (q-n > 

which  is  the  law  of  reciprocity  for  two  odd  primes. 

With  regard  to  the  supplementary  formulae,  we  have 
(_  1,  p)  =  (-  1  |p)  iKf-D  Vp, 

while,  by  definition, 

<t>(-l,p)  =  te-2s^P, 
which  may  be  obtained  from  <l>(I,p)  by  changing  i  into  -i.  Hence 

(_  i)HP-»*</p=(-  1  1^)^(2^-1)  Vp, 

and  therefore     (- 1  |  p)  =  (-  =  (_  l)i<2>-D. 

In  order  to  determine  (2  |  p),  we  observe  that 
$(8,p)<l>(p,  8)  =  <t>(l,8p). 
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Now 


4>  (8,  p)=(&\p)+Q->p)=(*\p)Hh  p)> 

<f>  (1,  8p)  =  (1  +  i)  V§p  =  4e*-*  VP, 


while  the  value  of  (p,  8)  will  depend  on  the  residue  of  p,  mod  8. 
By  putting  p  =  1,  3,  5,  7  successively  it  is  easily  found  that1 


which  agrees  with  the  result  previously  obtained  (Art.  38). 

192.    Gauss's  more  general  theorem  is  as  follows : 

If  n  is  the  product  of  the  positive  odd  primes  a,  b,  c,  etc.,  no 
two  of  which  are  equal,  and  if  m  is  the  number  of  these  primes 
which  are  of  the  form  4&  +  3,  then  the  number  of  the  primes 
a,  b,  c  ...  of  which  n/a,  n/b,  n/c  ...  respectively  are  non-residues  will 
be  even  if  m  =  0  or  1  (mod  4),  and  odd  if  m  =  2  or  3  (mod  4). 

For  instance  if  fi  =  3 .  5  .  7  . 11 . 13,  we  have  5  . 7  . 11 . 13  R  3, 
3 .  7 . 11 . 13  N 5,  3 . 5 . 11 . 13  N  7,  3 .  5 . 7  . 13  R 11,  3  . 5 . 7  . 11 N 13: 
the  number  of  non-residues  is  3,  which  is  odd,  in  accordance  with 
the  theorem,  since  m  =  2. 

The  proof  is  easy ;  let  aa  =bb'  —  cd  =  . . .  =  n,  then  since  a  is 
prime  to  b, 


$  (p}  8)  =  4e^/4  =  4z*(*>-1> .  6*"* ; 


hence,  on  substitution, 


or 


ihP-D  .  (2 1 p)  <j>  (1,  p)  =  s/p  =  i-HP-D*    (i,  p)t 
(2\p)  =  i-W-v  =(-l)^*-v, 


and  so  on :  finally 

(j>  (1,  n)  =  II</>  (a',  a)  =  n  (a'\ a)  <j>  (1,  a) 

=  imU  (a  |  a)  n  sja  =  imsjn  II  (a  \  a), 
because  <f>  (1,  a)  =  \Ja  or  is/ a  according  as  a  =  1  or  3  (mod  4). 


1  By  a  slight  oversight,  the  value  of  0  (p,  8)  is  erroneously  stated  in  the 
Zahlentheorie  to  be  4e^*. 
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On  the  other  hand  n  =  1  or  3  (mod  4)  according  as  m  is  even 
or  odd,  so  that 

(f>  (1,  n)  =  im\fn  ; 
hence  U  (a  \  a)  =  i™2-™} 

from  which  the  theorem  immediately  follows. 

193.  If  p,  as  before,  is  an  odd  prime,  and  if  X,  as  usual, 
denotes  the  polynomial  (xp  —  l)/(x  —  1),  there  is  a  remarkable 
transformation  of  X  which  may  be  expressed  by  the  identity 

4X  =  F2-(-  l)Hp-VpZ*, 

where  F,  Z  are  polynomials  in  x  with  integral  coefficients. 

To  prove  this,  let 

Xl  =  (x  -  r)  (x -  r^)  (x-r0*)...(x-  r^), 

X2  =  (x  -  r*)  (x  -  T*3)  (x  -      . . .  (x  -  r*p-2) ; 

then  if  rj0)  ^  are  the  roots  of  the  period  equation 

I  -(-  niip-i)*, 

^2+^+i— Hr — 

X1  is  a  polynomial  of  which  the  coefficients  are  symmetric  functions 
of  those  roots  of  X  =  0  the  sum  of  which  makes  up  rj0.  Hence 
(Art.  180)  the  coefficients  may  all  be  reduced  to  the  form  a  +  brj0 
where  a,  b  are  integers :  therefore  we  have  identically 

where  U,  V  are  polynomials  in  x  with  integral  coefficients. 
Changing  r  into  7*,  we  obtain 

x2=  U  +  VlV, 

and  hence,  by  multiplication, 

X  =  X,X2  =  U>+  (7,0  +  Vl)  UV  +  VoVl V2 : 

therefore,  substituting  for  (i/o  +  '/i)  an(i  VoVi  their  values,  and 
multiplying  by  4, 

4X  =  4CT2  —  4C/T+  (1  -(-  l)***-1^)  F2 

=  F3  -  (-  l)*^-1^2, 

if  we  put  Y  =  2U- V,  Z=  V. 

For  example,  let  p  =  5,  then 

=  (.r  —  r)  (x  —  7A)  =  x2  —  r)<jx  +  1, 

X2  =  x2  —  rjiX  + 1, 

4Z  =  (2x*  +  x  +  2)2  -  5a;2. 
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Or  again,  if  p  =  7, 

Xl  =  {x-  r)  (x  -  r2)  (x  -  r3) 
=  oc?  —  r)^  +  7)1oc  —  l 
=      -  a;  -  1)  -  7?0  (x*  +  x), 
and  hence       4X  =  (2a3  +  #2  -  x  -  2)2  +  7  (a;2  +  #)2. 

The  simplest  way  of  determining  the  coefficients  of  Xx  appears 
to  be  to  calculate  the  values  of  the  power-sums  of  its  roots,  and 
then  to  find  the  coefficients  by  Newton's  formula.  If  sA  is  the 
sum  of  the  /ith  powers  of  the  roots,  it  is  evident  that  sh  =  r]0  or  i\x 
according  as  hRp  or  hNp.  Thus  when  p  —  13,  for  which  1,  3,  4 
are  residues,  and  2,  5  non-residues,  we  have 

SX     =    S$    =   54     =  7J0y 

52  =  S8  1  -  Vo, 

and  hence,  if  X1  =  a?  +       +  p^  +       +  p^x2  +  pbx  +  p6 , 
Pi  =  ~  Vo, 

P-2  =  ~  i(s2  =  -       -  9?0a)  =  2, 

=  -  3  (^o  ~  VoVi  +  2t?0)  =  -  1  -  7)0) 

P*  =  ~  i  O4  +  i?i53  +  2>2s2  + 

=  -  i(Vo  -  Vo2  +  2^1  -Vo-  Vo2) 

=  -K%-V)  =  2, 
2>s  =  -  Vo,  Ps  =  1 ; 

therefore         £/"  =  a6  +  2#*  -  a?3  +  2#2  +  1 , 

V=--x*  —  x3  —  x, 
and  Y=2x«  +  a?  +  4x*-x!i  +  4!Xi  +  x+2, 

Z  =  x*  +  x3+x. 

It  may  be  added  that  the  coefficients  of  Z  are  always  sym- 
metrical, that  is  to  say,  the  rath  coefficient  from  the  end  is  always 
the  same  as  the  rath  coefficient  from  the  beginning :  the  same  is 
true  for  Y  if  p=l  (mod  4),  while  if  p  =  d  (mod  4)  the  corresponding 
coefficients  are  equal  and  opposite.  This  consideration,  of  course, 
greatly  shortens  the  work. 

194.  It  is  possible  to  find  the  values  of  px,p2,  etc.  as  explicit 
functions  of  p.  Thus  if  we  write  p  =  2p'  +  l,  e1  =  (—l)p',  and 
eh  =  (h\p)  for  all  integral  values  of  h  which  are  greater  than  1,  we 
have 

 \  _j_ 

Sh= — 2 —  +  e*vo  (h>i); 
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hence,  by  Newton's  formula,  and  the  equation  of  the  periods, 
Pi  =  -  Vo, 

8p2  =  (l-  2e2  +  e#)  -  4  (1  +  e2)  Vo, 
24>p3  =  3  -  3e2  -  4e3  +  (1  +  Se2)  e& 
-  (9  +  Qe2  +  Se3  +  exp)  t?0  , 
3  .  2%  =  -  3  -  36e2  -  S2es  +  (26  +  12^4-  S2e3)  exp  +  p2 
-  8  (27  +  9e2  +  8e3  +  (1  +  3e2)  t/o, 

and  so  on ;  and  if 

Y=  2x*'  +  c&v'-1  +  c2x*>'-2  +. . . 

we  have 

<h=l, 

4c2  =  3  +  elp) 

8c3=5  +  (l  +  2e2)  exp, 
3 .  2%  =  105  4-  (30  +  24e2  +  32e3)  exp  +  p\ 
3 . 27c5  =  189  +  (90  +  36e2  +  32e3  +  32e2e3)  exp  +  (1  +  4e2)p«. 

The  quantities  eA  are  periodic  functions  of  p :  thus  we  obtain 
for  the  coefficients  c1}  c2,  c3,  etc.  a  certain -limited  number  of  dis- 
tinct polynomials  in  p.    For  instance,  if 

p  =  l  (mod  24),  ex  =  e2  =  e3  =  1, 

and  Cl  =  _l_(p«  +  86>  +  105); 

while  if  p  =  5  (mod  24),  ex  =  1,  e2  =  e3  =  —  1,  and 

o.  -g7|i(pp  -  26*>  + 105>  =  oi(*>  -  S)(i>-2i)- 

The  values  of  the  coefficients  above  given  were  calculated 
successively  :  it  is  very  desirable,  of  course,  to  discover  a  method 
of  writing  down  the  general  value  of  ,  without  having  to  calcu- 
late the  preceding  coefficients,  but  it  is  not  easy  to  see  how  this 
can  be  done.  We  may  eliminate  p1}  p2...pi-i  from  the  first  %  of 
Newton's  equations,  and  thus  obtain  pi  as  a  function  of  slt  s2...Si 
in  the  form  of  a  determinant,  but  the  reduction  of  this  determinant 
to  the  form  a  +  6r/0  is  apparently  impracticable  when  i  is  large. 

195.    It  may  be  observed  that,  since  p  is  prime, 
&  -  1  ~  (x  -  iy  (mod  p); 
hence  4Z  =  4  (x  —  iy~l  (mod  p), 

and  Y=2(x- 1)***"1*  (mod  p). 

For  sufficiently  small  values  of  p,  Y  may  be  found  by  expanding 
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2(x  —  1)^p  1]  by  the  binomial  theorem,  and  reducing  each  coeffi- 
cient to  its  absolutely  least  residue  (mod  p).    Thus,  when  p  =  11, 
F=  2(a?-5a?  +  10a3 -  10x2  +  5x  - 1) 
=  2a5  +    -  2a3  +  2#2  -  a?  -  2. 
Legendre,  in  his  Thtorie  des  Nombres,  erroneously  stated  that 
this  rule  applies  to  all  cases;  he  afterwards,  however,  corrected 
his  mistake.    (Legendre  :  Memoire  sur  la  determination  des  fonc- 
tions  Y  et  Z  qui  satisfont  d  I 'Equation  4  (xn  —  1)  =  (x  —  1)  (F2  ±  nZ2), 
n  dtant  un  nombre  'premier  (4>i  +1),  Paris,  Me'm.  Acad.  Sci.  xii. 
(1833),  p.  81.    Lebesgue :  Recherches  sur  les  nombres,  Liouv.  iii. 
(1838),  p.  113.) 

While  Legendre 's  rule  certainly  fails  for  p  =  61,  and  possibly 
for  still  smaller  values  of  p,  it  holds  good  up  to  p  =  31  inclusive. 
It  may,  in  fact,  be  verified  that  when  p  =  31, 

Y  =  2x15  +  x14  -  7x13  -  1 lx12  +  2xn  +  8x10  -  3a?  -  5a? 

+  5x7  +  3a?  -  8a?  -  2a?  +  11a?  +  7a?  -  x  -  2, 
Z  =  xli  +  x13  -  xi2  -  2xn  +  x9  -  xs  -  x7  +  xs  -  2a?  -  a?  +  x2  +  x. 

The  following  table  gives  the  values  of  Y  and  Z  for  all  primes 
less  than  31.  The  last  case,  p  =  29,  is  due  to  Legendre ;  the  others 
were  calculated  by  Gauss. 


p 

Y 

Z 

3 

2x+l 

1 

5 

2x2  +  x+2 

X 

7 

2a?  +  x2-x-2 

x*  +  x 

11 

2a?  +  a?-2x3  +  2x2-x-2 

a?  +  x 

13 

2x6  +  a?  +  4<a?  -  a?  +  4<x2  +  x  +  2 

a?  +  a?  +  x 

17 

2a?  +  x7  +  5a?6  +  7x5  +  4a4  +  7a8 

x7  +  x6  -f  a?  +  2a?  +  a? 

+  5x2  +  x  +  2 

+  a?  +  x 

19 

2xs  +  x*-  4<x7  +  3a?  +  5a?  -  5xA 

a?  —  a?  +  x*  +  xA  —  a?  +  x 

-3a?  +  4>x?  -  x -2 

23 

2xu  +  x10  -  5x*  -  8a?  -  7x7  -  4>x6 

x10  +  x»-  x7  -2a?  -  2a? 

+  4^  +  7#*  +  8#3  +  5x2-x-2 

-xA  +  a?  +  x 

29 

2xu  +  x13  +  8a?2  -  3xu  +  xw  -  2a? 

x13  +  x11  -  x10  +  a?  +  x7 

+  3a?  +  9x7  +  3x6  -  2a?  +  a? 

+  a?  —  a?  +  xs  +  x 

-  3X3  +  8x2  +  x  +  2 
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By  putting  x  =  1  in  the  identity  4A"  =  Y2  ±  pZ2,  we  obtain  a 
representation  of  4>p  in  the  form 

4p  =  m2  ±  pri2. 

Thus  for  p=  17,  we  have 

68=  342-l7.82 

and  so  on.  It  may  be  noticed  that  when  p  =  3  (mod  4)  this 
process  only  leads  to  the  trivial  result 

4j9  =  02  +  p .  22, 

except  when  p  =  3. 

196.  When  p  —  3n+  1  there  will  be  a  set  of  three  periods  rj0) 
77!,  772,  which  are  the  roots  of  a  cubic  equation 

V3  +  erf  +  c2r)  +  c3  =  0, 

where  c1}  c2,  c3  are  integers  which  have  to  be  determined. 

If  g  is  any  primitive  root  of  p,  and  r  =  e2ni/p  as  usual,  we  may  put 

All  numbers  prime  to  p  may  be  distributed  into  three  classes 
A,  B,  C  according  as  their  indices  to  the  base  g  are  congruent  to 
0,  1  or  2  (mod.  3).  Numbers  of  the  class  A  will  be  denoted  by 
a,  a'...  and  in  the  same  way  and  7  (accented  if  necessary)  may 
be  used  to  indicate  numbers  belonging  to  B  and  G  respectively. 

With  this  notation  we  may  write 

*7o  =  Xra,        =  2r£     r;2  =  £r>, 

where  the  summations  apply  to  n  incongruent  values  (mod.  p)  of 
a,  /3,  7  respectively. 

The  class  A  includes  all  the  numbers  which  are  cubic  residues 
of  p,  and  is  the  same  whatever  primitive  root  g  may  be  chosen ; 
if  instead  of  g  we  take  a  primitive  root  g  such  that  ind^,  g  =  2 
(mod.  3)  the  classes  B  and  G  will  be  interchanged. 

We  observe  that  1  and  p  —  1  =  —  1  both  belong  to  the  class  A. 
Also  the  product  of  any  two  numbers  of  the  class  A  is  a  number 
of  the  same  class,  or,  in  symbols, 

0L0L'  =  a". 

In  particular,  p  —  a,  or  —  a  belongs  to  A. 
Similarly    a/3  =  /3',       ££'  =  7, 
«7  =  i>        77=  A 
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Returning  now  to  the  equation  of  the  periods,  we  find  at  once 

The  value  of  c2  is   c2  =  170^1  +       +  7)2rj0 

=  %  (r*+*  +  r?+v  +  r?+*). 

Now  the  congruence 

a  +  ft  =  0    (mod.  p) 
is  impossible,  because  it  would  lead  to 

£  =  -«, 

and  hence  ft  would  belong  to  the  class  A,  contrary  to  definition. 
In  the  same  way  it  may  be  inferred  that  the  congruences  ft  +  7  =  0, 
7  +  a  =  0  are  impossible.    Hence  of  the  3?i2  terms  of  which 

consists  not  one  reduces  to  unity.    But  we  know  that  the  ex- 
pression is  a  rational  integer :  hence  its  value  is  (r  +  r*  +  ...  +rJ>_1), 
or  —  1,  taken  3n2/(P  —  1)  =  *  times.  Therefore 
c2  =  -n  =  -\{p-  1). 
The  value  of  the  remaining  coefficient  is 
c8  =  -  VMh  =  -  2r-+*+v. 
Suppose  that  X  denotes  the  number  of  distinct  solutions  of  the 
congruence 

a  +  ft  +  7  =  0    (mod.  p) ; 
then  by  the  argument  used  in  finding  the  value  of  c2  it  follows  that 

n3-X 

so  that  cs  is  determined  when  X  is  known. 

Now  o  may  assume  any  one  of  n  incongruent  values :  suppose 
a  to  be  any  one  of  these.  Then  if  a"  is  determined  so  that 
a  a"  =  1,  the  congruence  a  +  ft  +  7  =  0  is  equivalent  to 

a"(a'  +  £  +  7)  =  0, 
or  1  +  ft'  +  y  =  0, 

where  ft',  y'  belong  to  B,  C  respectively.  Conversely,  from  every 
solution  of  1  +  ft'+  y'=0  may  be  deduced  a  solution  of  a' +#  +  7=0, 
by  putting  ft  =  2  ft',  7  =  ay'.  Hence  if  the  symbol  (12)  is  used  to 
denote  the  number  of  solutions  of 

l+£  +  7  =  0, 
we  have  X  =  (12)  n 

and  c3=  J  {(12)^ -7i2), 

so  that  everything  depends  upon  finding  the  value  of  (12). 
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To  do  this  we  consider  the  system  of  congruences  given  in  the 
following  table,  in  which  the  symbol  placed  to  the  left  of  each 
congruence  denotes  the  number  of  distinct  solutions  of  which  it  is 
capable. 

(00)  l  +  a  +  a'  =  0,     (10)    l+/3  +  a  =0,    (20)    l+7  +  a  =  0, 

(01)  l+a  +  /9  =  0,     (11)    l+/3  +  /3'=0,    (21)    l  +  7+£  =  0, 

(02)  l  +  a  +  7=0,     (12)    l+/3  +  7=0,     (22)  l+7+7'=0. 
It  is  obvious  that  (01)  =  (10),  (02)  =  (20),  (12)  =  (21)  ;  in  fact, 

the  double  notation  is  only  used  for  the  sake  of  symmetry. 
If  we  multiply  the  congruence 

l  +  a  +  /3  =  0 

by  a  number  7  such  that  £7  =  1,  and  put  ya  =  y,  we  obtain 
1  _|_  y  +  y  =  0.  Therefore  every  solution  ofl+a  +  /3  =  0is  associated 
with  one  of  1  +  7  +  y'  =  0 ;  and  in  the  same  way  from  every 
solution  of  1  -+-  7  4-  y  =  0  we  can  deduce  one  of  1  +  a  +  /3  =  0. 

Hence  (01)  =  (22), 

and  similarly  (02)  =  (11). 

Thus  the  matrix 

(00),  (01),  (02) 
(10),  (11),  (12) 
(20),    (21),  (22) 

h  j  k 
j  k  1 
k    I  j 

where  h,  j,  k,  I  have  still  to  be  determined. 

The  series  1,  2,  3...  (p-  1) 

contains  n  numbers  a,  and  each  of  these,  except  the  last,  namely 
p  —  1,  is  followed  by  a  number  a  +  1  which  must  belong  to  one  of 
the  classes  A,  B,G,  and  is  therefore  of  the  form  p  —  a\  p  —  /3',  or 
p  —  y  ',  that  is,  to  every  value  of  a,  with  one  exception,  corresponds 
a  solution  of  one  of  the  congruences 

l+a  +  a'=0,       l+a+£'  =  0,       l+a  +  7'  =  0. 

Hence  (00)  +  (01)  +  (02)  =  n  -  1, 

or  h  +j  +  k  =  n-l  (1); 

and  in  the  same  way        j  +  k  +  l  =  n  (2), 

because  every  number  /3,  without  exception,  is  followed  by  another 
number  of  the  series. 


is  reduced  to  the  type 
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There  is  yet  another  relation  connecting  h,  j,  k,  I  which  may 
be  found  in  the  following  way. 

Consider  the  congruence 

a  +  /3  +  7  +  l  =  0. 

There  are  (00)  =  h  values  of  a  which  make  a  +  1  =  a',  and  the 
congruence 

a'  +  /3  +  y  =  0 

when  a'  is  fixed,  has  (12)  =  I  solutions.  Thus  there  are  hi  solutions 
of  a  +  ft  +  y  +  1  =  0  for  which  a  + 1  =  a'.  Similarly  there  are 
(01)(01)=j2  solutions  for  which  a+l=ft',  and  (02) (02)  =  k2 
solutions  for  which  a  +  1  =  y\    Altogether  there  are 

hl+j2  +  k2 

solutions  of  the  congruence. 

But  if  we  begin  with  ft  instead  of  a  we  find  in  the  same  way 
that  there  are  (10)  (02)  =  jk  solutions  for  which  ft  +  1  =  a', 
(11)(12)  =  H  solutions  for  which  ft  +  l  =  ft',  and  (12)  (01)  =  lj 
solutions  for  which  ft  + 1  =  y.  Therefore  altogether  there  are 
jk  +  kl+  Ij  solutions ;  and  since  this  must  be  the  same  as  before, 

hi  +  j2  +  ¥  =jk  +  kl  +  lj  (3). 

Now  from  (1)  and  (2), 

h  =  l-l, 

and  on  substituting  this  in  (3)  and  transposing,  we  find 
I  =  f  +  k2  +  I2  -jk  -kl-  Ij. 
This  relation  may  be  written  in  the  following  form  : 

12(j  +  &  +  l)  +  4,  =  36(j2  +  k2  +  l2-jk-kl-lj) 

+  l2(j  +  k)-2U  +  4> 

=  (61  -  Sj  -  3k  -2)2  +  27  (j  -  k)2, 

that  is  4j9  =  a2  +  362  (4), 

if  we  put  61 -Sj  -3k-2  =  a   (5), 

*(j-k)  =  b   (6). 

Now  it  follows  from  the  theory  of  binary  quadratic  forms  for 
the  determinant  —  3  that,  when  p  is  given,  the  values  of  a2  and  b2 
for  which  4p=a2  +  362  and  6=0  (mod  3)  are  uniquely  determi- 
nate; hence  the  values  of  a  and  b  in  equations  (5)  and  (6)  are 
determined  except  as  to  sign.  The  sign  of  b  will  depend  upon 
the  choice  of  the  primitive  root  g,  because  if  the  classes  B  and  C 
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are  interchanged  so  will  be  j  and  k.    However,  for  our  present 
purpose  we  shall  not  require  b,  and  equation  (5)  shows  that  a  is 
that  value  of  ±  Va2  which  is  of  the  form  3a'  —  2. 
Putting  a  —  3a'  —  2,  we  find  by  (5) 
21  =  a'  4- j  +  k 

=  a'  +  n-l  by  (2). 
Therefore  I  =  J  (a'  +  n) ; 

and  on  substituting  this  in  the  expression  previously  obtained  for 
c3  we  find 

c3  =  i  (lp  -  O  =  J  {(a'  +  *)|>-  3ti2) 
=  $(pa'  +  n). 

Finally,  therefore,  the  cubic  equation  of  the  periods  is 

v3  +  v*-Up-i)v-%(pa'+l^)  =  (>, 

which  may  also  be  written  in  the  form 

(3V  +  l)3  -  Sp  (SV  +  1)  -  pa  =  0. 

Example.  Let  p  =  31 ;  then  4p  =  124  =  16  +  3  .  36,  a  =  4,  and 
the  equation  in  rj  is 

??3  +  972-10i7-8  =  0, 
or  (3t?  +  l)3  -  93  (3t?  +  1)  -  124  =  0. 

197.    If  we  write,  in  the  cubic  equation  of  the  periods, 
3V  +  l=z, 

it  becomes  z3  —  3pz  —  pa  =  0 ; 

and  if  we  now  put  z  =  2\}p  cos  <f>,  this  becomes 

2pVp  (4  cos3  0  —  3  cos  <f>)-pa  =  0, 
whence  cos  3<f>  =  a/2*/p. 

Suppose  that  <j>  is  the  least  positive  value  of  <j>  which  satisfies 
this  equation,  then  the  three  values  of  z  will  be 

z  =  2*Jp  cos  <£,     z/  =  2\/p  cos  ^  +       ,        =  2Vjp  cos     +  . 

It  is  easily  seen,  geometrically,  that  z  lies  between  \[p  and 
2\Jp,  z'  between  —  2*Jp  and  -  sjp,  z"  between  —  \]p  and  \lp. 

One  of  the  values  of  z  is  z0  =  1  +  3^ ;  to  discover  which  it  is, 
when  p  is  given,  is  a  problem  which  appears  to  be  of  extreme 
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difficulty,  and  has  not  yet  found  an  entirely  satisfactory  solution. 
Kummer,  however,  has  given  a  criterion  for  distinguishing  the 
roots,  which  is  of  considerable  interest ;  and  before  postponing, 
for  the  present,  further  applications  of  the  circular  functions  to 
arithmetic,  a  short  account  of  Rummer's  investigation  may  be 
given. 

Let  p  =  e2^3  =    -  ^       ,  and  let  m  be  any  number  prime  to 

p\  then  by  an  extension  of  the  Legendre-Jaeobi  symbol  (m\p),  we 
shall  put  (r)i\p\  =  I,  p  or  p2,  according  as  the  index  of  m  to  any 
primitive  root  g,  taken  as  a  base,  is  congruent  to  0,  1  or  2  to 
modulus  3;  in  other  words,  (m \p)3  =  plnd m.  The  expression  (m\p)3 
may  be  called  the  cubic  character  of  m  with  respect  to  p.  If  m  is 
a  cubic  residue  of  p,  that  is,  if  the  congruence  a?  =  m  (mod  p) 
admits  of  solution,  we  have  (m  |  p\  =  1 ;  if  otherwise,  the  character 
(rn\p)s  may  be  p  or  p2  according  to  the  primitive  root  taken  as 
base. 

Since  the  Legendrian  symbol  proper  will- not  be  required  in 
what  follows,  the  suffix  will  be  omitted,  and  (m\p)  will  be  written 
instead  of  (m\p)3.  It  is  convenient  also  to  put  (m\p)  =  0,  if  m  is 
divisible  by  p. 

It  immediately  follows  from  the  definition  that  if  ra  =  ra' 
(mod p),  (m\p)  =  (m  \p);  that  if  w,  rri  are  any  two  integers, 

(m\p)  {m'\p)  =  (mm'\py, 

and  that,  since  —  1  =  (—  l)3  is  a  cubic  residue  of  p, 

(-m\p)  =  (m\p). 

As  in  last  article,  suppose  p  =  3n+l,  and  let  the  integers 
1,  2,  3...3ti  be  distributed  into  three  classes  A,  B,  and  G 
according  as  their  cubic  character  is  1,  p,  or  p2.    We  have 

*0=l  +  32r*, 

4  =  1  +  327* 

*2=l+32rr; 

and  hence,  observing  that  1  +  p  +  p2  =  0, 

*o  +  P*i  +  P**2  =  32  (r«  +  pr*  +  pW) 

=  32  (h\py 

(h  =  l,  2,  3...P-1). 
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Since  z0,  zlt  z2  are  real,  we  may  write 
z0  =  1  +  32  cos 

P 

^  =  l  +  32cos^ 
P 

z2  =  1  +  32  cos  : 
P 

and  hence  ^0  +  p%\  +      =  62  (k\p)  cos  , 

[fc=l,2...Hp-l)] 

since  (k\p)  cos  ^7r  is  not  altered  by  changing  k  into  p  —  k. 

It  is  proved,  in  a  similar  way,  that  if  m  is  any  integer, 

(m  |p)2  (*0  +  ^  +  p%)  =  62  (k \p)  cos  . 
ft 

Suppose,  now,  that  /(0)  is  a  function  such  that  for  all  values  of 
0  from  0  to  7r,  both  inclusive, 

f{6)  =  A  cos  0  +  42  cos  20  +  A,  cos  30  +. . . 

Then 

*  (%) cos ^  +  J2 2 (%) cos 

=    +  {(1  \PY  A,  +  (2  |Py  A  +...}, 

that  is,       6  2  (k\p)f(—)  =  (z0  +     +  P%)  2  (s|p)2  <4„ 

2,...j(p-i);> 

U  =  l,  2,  3...  /• 
It  is  known  that  if  0  ^  0  ^  tt, 

7T2      7T0  -      COS  30      COS  50 

_-T  =  cos0+-3^  +  —  +... 

therefore        6  2  (%)  (|2  -  ^)  =  (*0  +  ^  +  p*z2)  2  (* |p)2r2 

P-l,  3,  5...]. 
Put  4  =  2a"2, 

5  =  2/3-2, 
C  =  27-2, 
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where  the  summations  refer  to  all  positive  odd  integers  which 
belong  to  the  classes  (a),  (/3),  (7)  respectively,  then 

6  2  (*  lp)  (|  -  |J)  =  (s,  +  pz,  +  p%)  (A  +  p*B  +  pO). 

Now  let  2a'  stand  for  the  sum  of  all  the  numbers  a  which  are 
positive  and  less  than  ^p,  and  let  2/3',  £7'  have  analogous 
meanings.    Moreover  put 

=  ^(p2-l)-2«', 
mx  =  i  (Sy  +  So'  -  2Z/?)  =  ^(p2  -  1)  -  2ft 
m2  =  J  (2#  +  So'  -  227')  =  A  (P2  ~  1)  "  27'. 
Then  the  expression 

q_2 

=         (So'  +  pXft  +  p2^') 

37T2 

=  —  (ra0  +  p^i  4-  p2m2). 

Therefore 

0_2 

—  (m0  +  pm,  +  p2m2)  =  (s0  +  pzx  +  p2*2)  (4  +  p*B  +  p(7). 
In  exactly  the  same  way, 

37T2 

—  (w0  +  fhfh  +  p2)  =  (-3-0  +  />2-?i  +  pz2)  (A+PB  +  p*C) ; 
and  since 

—  (m0  +  ith  +  wi2)  =  0  =  Oo  +    +  z2)  (A  +  5  +  C), 

P  3tt2 
we  have  —  m0  =  Az0+  Bzx  +  Oz2) 

P 

— 2  rwj  =      +  ik2  +  Cz0, 
P 

—  m2  =  4s2  +  Bz0  +  (7^. 

The  solution  of  these  equations  gives  z0,  zx,  z2  without 
ambiguity  in  terms  of  rn0,  mlf  rn2,  A,  B,  G.    If  we  put 

b  =  A*  +  B»+C-BC-CA  -AB, 
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an  essentially  positive  quantity,  it  is  found  without  difficulty 
that 

^-nz0  =  Am0  +  Gml  +  Bm2  =  (C-A)m1  +  (B-  A) m2, 

37T2 

zx  =  Bm0  +  Awh  +  Cms  =  (C  —  A)  m2  +  (B  -  A)  m0, 

Sir2 

£=~  z2  =  Gm0  +  Bml  +  Am2=  (G  -  A)m0  +  (B  -  A)m1. 
Hence  also 


2^(z 

=  (0  +  ^ 

P^(z  ■ 

=(0  +  4 

-*o): 

Now  the  quantities  J.  -  B,  A  -  C,  A  +B  —  2C,  C+  A-2B 
are  all  positive.    We  have,  in  fact, 

tt2  111, 
8  ~       32  +  52+  72 

where  A:  assumes  all  odd  values  prime  to  p  :  hence 
w>_    f    „  1  _    f  „  „ 

8 -^is/p-^l(^+^  +  C)' 

therefore  4  +  5  +  0-  £(l  ^)  <  J <f . 

Now  J.  =  l-fi  +  ...>l:  therefore  5  +  0  <  J,  and  a  fortiori 

B<\,  G  <  J  ;  consequently 

4-fl>f,   4-C>f,   4  +  5-2(7>4,  G+A-2B>\. 

Since  m04-m1  +  m2  =  0,  one  of  the  three  numbers  m0,  m1}  m2 
must  be  greater  than  either  of  the  rest  numerically.  Suppose  m0 
is  positive,  and  the  greatest  numerically;  then  ra,,  m2  are  both 
negative,  and  it  follows  from  the  equations  previously  obtained 
that  z0,  z0  —  z1,z0  —  z2  are  all  positive.  In  this  case,  then,  z0  is  the 
root  which  lies  between  Vp  and  2\/p.    Similarly  if  77? 0  is  negative, 
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and  numerically  greater  than  either  or  ra2,  the  quantities 
z0,  z0—z1}  z0  —  z2  are  all  negative,  and  z0  .lies  between  —  sjp  and 
—  2*Jp.  In  the  same  way  if  m2  is  numerically  greater  than  m0  or 
m2,  the  limits  of  zx  are  determined :  while  if  ra2  is  numerically 
greater  than  m0  or  m^,  the  root  z2  is  known.  In  every  case,  therefore, 
we  have  a  criterion  to  distinguish  one  of  the  three  roots  z0,  zXi  z2\ 
and  since  they  are  all  expressible  as  rational  functions  of  any  one 
of  them,  the  determination  may  be  completely  effected. 

It  should  be  observed,  however,  as  Kummer  himself  remarks, 
that  the  criterion  thus  obtained  is  not  really  what  is  required. 
The  calculation  of  m0,  m1}  m2  when  p  is  large,  is  very  tedious,  and 
these  numbers  are  not  connected  with  the  value  of  p  in  any 
obvious  or  essential  way.  Kummer  has  found  by  actual  calculation 
that  the  limits  of  z0  are 

-2*/p  and  -  *Jp  for  jo  =  97,  139,  151,  199,  211,  331,  433; 

-s/p    and  +Vi>  for  jp  =  13,  19,  37,  61,  109,  157,  193,  241,  283, 

367,  373,  379,  397,  487  ; 

+      and  +2VP  for  p  =  7,  31,  43,  67,  73,  79,  103,  127,  163, 

181,  223,  229,  271,  277,  307,  313,  337, 
349,  409,  421,  439,  457,  463,  499. 

It  is  very  curious  that  the  proportion  of  primes  in  the  different 
classes  is  nearly  that  of  1:2:3,  and  it  is  much  to  be  desired  that 
some  simple  method  of  discriminating  the  classes  might  be  dis- 
covered. 

198.  The  present  chapter  contains  only  a  mere  outline  of  a 
very  extensive  theory,  which  has  not  yet  been  by  any  means 
completed.  Its  importance  will  become  even  more  evident  in 
connexion  with  the  theory  of  higher  congruences  and  of  algebraical 
integers  in  general ;  but  before  we  enter  upon  this,  there  are 
various  problems  which  may  be  more  conveniently  discussed  at 
this  stage,  and  among  them  is  that  of  determining  the  number  of 
classes  of  binary  quadratic  forms  for  a  given  determinant.  To  this 
the  next  chapter  will  be  devoted. 
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Determination  of  the  Number  of  Properly  Primitive 
Classes  for  a  given  Determinant. 

199.  The  second  volume  of  Gauss's  collected  works  contains 
(p.  269)  a  remarkable  unfinished  memoir  entitled  Be  nexu  inter 
multitudinem  classium,  in  quas  formce  binaries  secundi  gradus 
distribuuntur,.  earumque  determinantem.  From  this  it  appears 
that  Gauss  succeeded  in  determining  the  number  of  classes 
belonging  to  a  given  determinant  both  for  definite  and  for  in- 
definite forms;  and  with  regard  to  definite  forms  it  is  possible 
to  make  out  the  method  which  was  actually  adopted.  Gauss 
never  published  his  investigation;  in,  fact  the  first  published 
demonstration  is  that  of  Dirichlet  in  his  Recherches  sur  diver ses 
applications,  etc.  already  referred  to.  Dirichlet's  analysis  will  be 
considered  later  on ;  in  the  present  chapter  an  attempt  will  be 
made  to  present  Gauss's  method  in  a  simplified  form,  and  at  the 
same  time  to  avoid  the  objections  on  the  score  of  deficiency  in 
rigour,  to  which,  as  pointed  out  by  Dedekind  in  his  editorial  notes 
on  the  memoir,  Gauss's  deduction  appears  to  be  liable.  The 
materials  for  this  simplification  are  mainly  derived  from  the 
above-mentioned  notes  of  Dedekind,  and  from  Dirichlet's  great 
memoir. 

The  principle  of  the  method  consists  in  assuming  a  number  m 
which  is  prime  to  2D,  and  constructing  two  different  expressions 
for  the  asymptotic  value  of  the  average  number  of  representations 
of  m  by  properly  primitive  forms  of  determinant  D :  that  is  to  say, 
expressions  which  approximate  to  the  true  value  when  m  is  very 
large.  One  of  these  expressions  involves  as  a  factor  h,  the  number 
of  properly  primitive  classes,  while  the  other  does  not ;  and  by  a 
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comparison  of  the  two  expressions,  we  obtain  h  in  the  form  of  a 
semi-convergent  infinite  series.  The  semi-convergent  character  of 
this  series  is  the  principal  difficulty  of  the  investigation. 

200.  Definite  and  indefinite  forms  will  have  to  be  considered 
separately;  we  shall  begin  with  the  former. 

Let  /  =  ax2  +2bxy  +  cy2 

be  a  positive  properly  primitive  form  of  determinant 
I)  =  b2-ac  =  ~  A, 

a  negative  integer. 

It  is  always  possible  to  assign  values  to  x  and  y,  say  x  =  f , 
y  =  77,  prime  to  each  other,  and  such  that 

a/=/(f,77)  =  af2  +  26f77  +  ci;2 

may  be  prime  to  2  A  (cf.  Art.  127). 

We  may  suppose  that  a  is  prime  to  2A :  because  if  this  were 
not  the  case  we  could  find  integers  f,  77',  such  that  £77'  —  f '77  =  1, 

and  then  the  substitution  would  transform  f  into  an  equi- 

valent form /'  =  {a',  b',  c')  with  its  first  coefficient  prime  to  2A. 

It  is  clear  that  if /(f,  rj)  is  prime  to  2 A,  so  is f(2Au+^,  2Av+r)), 
where  u,  v  are  any  integers.  We  will  suppose  that  f ,  77  are  both 
less  than  2A  and  not  negative. 

We  have    a  (a% 2  +  26f  77  +  erf)  =  (af  +  brj)2  +  A772, 

and  this  is  prime  to  2 A  if  af  +  brj  is  so. 

Now  let  /3  be  any  one  of  the  cf>  (2A)  numbers  less  than  2  A  and 
prime  to  it ;  then  if  we  put 

a?  +  br)  =  /3  (mod  2 A), 

any  value  of  77  comprised  in  the  set  0,  1,  2,...(2A  —  1)  is  associated 
by  means  of  this  congruence  with  a  determinate  value  of  f,  which 
is  less  than  2A  and  not  negative. 

Since  each  number  (3  thus  gives  rise  to  2A  pairs  (f,  77),  the 
total  number  of  sets  (f,  77)  for  which  0s£<2A,  0^77  <  2 A,  and 
/(f,  77)  is  prime  to  2A,  is 

2A<£  (2A). 

The  points  whose  rectangular  coordinates  are  (2 Aw  +  f ,  2AV  +  77) 
form  a  net,  every  mesh  of  which  is  a  square  of  area  4AS.  Alto- 
gether we  have  2A$  (2A)  distinct  nets,  the  nodes  of  which  corre- 
spond to  values  of  (x,  y)  which  make  /prime  to  2  A. 
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201.    Now  consider  the  ellipse  represented  by  the  equation 

aa?  +  2bxy  +  cy2  =  m 

where  m  is  a  large  positive  integer.  The  area  of  this  ellipse  is 
7rw/VA,  and  hence  the  number  of  nodes  within  the  curve  which 
belong  to  the  aforesaid  networks  is  asymptotically 

irm  2A0(2A)_7rm<ft(2A) 
VA*     4A2     ~    2AVA  ' 

that  is  to  say,  its  value  is  irmfy  (2A)/2A\/A  +  e,  where  e/m  ulti- 
mately vanishes,  when  m  increases  indefinitely. 

Suppose  that  m1,m2,...mM  are  the  positive  integers  less  than 
m  and  prime  to  2A ;  and  let  6  (mf)  denote  the  number  of  distinct 
representations  of  rat-  by  the  form  (a,  b,  c) ;  then  the  number  of 
which  the  asymptotic  value  has  just  been  found  is  rigorously 

6  (nti)  +  6  (w2)  + . . .  +  6  (mH). 

If  we  take  a  representative  form  from  each  of  the  positive 
properly  primitive  classes,  say  fuf*,...fh,  aQd  if  we  construct  the 
ellipses 

fi  =  m,  f2  =  m,...fh  =  rn, 

(all  of  which  have  the  same  area  7rm/VA),  then  the  number  of 
nodes  included  by  all  the  ellipses,  counting  each  node  "once  for 
every  ellipse  within  which  it  lies,  is  asymptotically 

fr7rW>(2A) 
2AVA  ' 

On  the  other  hand,  this  number  is  rigorously 

i  =  l,  2,  S...fi 


where  0k  (mi)  denotes  the  number  of  distinct  representations  of  m{ 
by  the  form  fk. 

If  we  write  yjr  (m.)  for  jjl,  the  number  of  integers  less  than  m 
and  prime  to  2A,  we  have 

m     &-W>(2A)  1 


yjr(m)'    2AVA  yjr(m) 
ultimately,  when  m  is  infinite. 
Now  it  is  easily  seen  that 


jr(m)  _<ft(2A). 
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hence  ultimately, 

S-^.TO22^ (A)' 

and  we  have  to  calculate  the  value  of  the  expression  on  the  right 
hand. 

202.    In  order  to  find  representations  of  ra;  by  forms  of 
determinant  D,  we  have  first  to  solve  the  congruence 
n2  =  I)  (mod  mi) 

and  then  to  every  solution  will  correspond  a  form  (ra;,  n,  I)  which 
belongs  to  a  class  every  form  of  which  will  represent  mi. 

Each  solution  of  the  congruence  gives  rise  to  a  group  of 
primitive  representations  by  each  form  of  the  corresponding  class  ; 
and  the  number  of  these  groups  is  equal  to  the  number  of  the 
solutions  of  the  congruence.    (Cf.  Arts.  59,  90.) 

But  by  Art.  35,  if  p,  q,r...  are  the  t  different  prime  factors  of  mi} 
which  by  supposition  are  all  odd,  the  number  of  solutions  is  0  or  2* 
according  as  D  is  not  or  is  a  quadratic  residue  of  each  of  the  primes. 
In  every  case,  the  number  of  solutions  may  be  written  in  the  form 

{l  +  (J>|p)}  {\+{D\q)}...  =  U{\  +  {D\p% 
where  the  product  extends  to  all  prime  factors  of  mi. 

Call  this  number  %  ;  then,  making  use  of  Jacobi's  extension 
of  Legendre's  symbol,  we  have 

X(mi)  =  l+(D\p)  +  (D\q)+... 
+  (D\pq)+... 

where  the  summation  extends  to  all  divisors  of  which  involve 
no  square  factor. 

If  6  is  the  number  of  solutions  of  the  Pellian  equation 
T2  —  DU2  =  1,  each  form  by  which  m{  can  be  represented  at  all 
gives  rise  to  e  distinct  primitive  representations,  which  form  a 
group.  When  D  is  negative  e  =  2,  except  when  D  =  —  l,  in  which 
case  €  =  4. 

Suppose  now  that  \2  is  any  square  divisor  of  mi.  Then  the 
congruence 

7i2  =  D  (mod  Wf/X2), 
has  x  (wfcf/X*)  solutions,  each  of  which  gives  e  primitive  representa- 
tions of  mt/\*,  and  therefore  e  representations  of       for  which 
dv  (x,  y)  =  X. 
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Now  if  S"  is  any  divisor  of  m£/\2  which  has  no  square  factor, 
%(mt-/V)  =  S(i>|5//) 

=  X(D\8"\>), 

since  (D|\2)  =  l. 

Every  divisor  of  mi  can  be  expressed  in  the  form  8"\2,  where  8" 
involves  no  square  factor,  and  therefore,  on  the  whole,  the  number 
of  representations  of  miy  both  primitive  and  derived,  is 

eZ(D\8), 

where  the  summation  extends  to  all  divisors  of  ra£. 

But  this  is  also  what  was  previously  denoted  by 

0j  (m{)  +  62  (mt)  +. ..+  Ok  (mi), 

so  that  the  double  sum  which  occurs  in  equation  (A)  may  be 
written 

%Xek{mi)  =  eZX(D\$)  (B). 

m.  8 

203.  Henceforward  we  shall  write  2  instead  of  e,  it  being 
understood  that  2  must  be  replaced  by  4  when  D-  —  1. 

Every  number  which  is  less  than  m  and  prime  to  2A  will  occur 
in  (B)  as  a  divisor  8.  Let  n  be  any  one  of  these ;  then  the  symbol 
(D\n)  will  occur  in  (B)  as  often  as  there  are  multiples  of  n  which 
are  less  than  m  and  prime  to  2A.  Let  [m/n]  be  the  integer  next 
less  than  mjn ;  then  the  number  of  times  (D\n)  will  occur  is 
t/t  ([mjn]),  or  more  simply  -»|r(m/n),  if  we  agree  to  take  only  the 
integral  part  of  mjn. 

Hence  (B)  is  transformed  into 

220*  (mt)  =  22>/r  (mjn)  (D\n), 

and  (A)  becomes 

/^-=  Lt  .2%±^(D\n)  (C), 

where  the  summation  extends  to  all  numbers  n  which  are  less  than 
m  and  prime  to  2 A. 

It  is  to  be  observed  that  22i/r  (m/n)(D\n)  is  rigorously  equal  to 
the  total  number  of  representations  of  the  numbers  m1}  m2,...mH  by 
properly  primitive  forms  of  determinant  D ;  so  that  the  expression 
on  the  right  hand  in  (C)  is  strictly  the  average  number  of  repre- 
sentations for  one  of  these  numbers. 
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So  long  as  m  is  finite,  it  does  not  matter  in  what  order  the 
terms  of  the  sum  are  arranged ;  and  even  when  m  becomes  infinite 
the  series  must  have  a  determinate  value  however  the  terms  are 
taken,  provided  that  none  of  them  are  omitted. 

We  shall  effect  the  summation  by  supposing  that  the  terms 
are  arranged  so  that  n  increases  continually  as  we  go  from  left 
to  right. 

When  m  becomes  indefinitely  large,  the  sum  becomes  an 
infinite  series,  which  may  be  divided  into  two  parts,  for  the 
first  of  which  n  is  very  small  compared  with  m,  while  for  the 
second  it  is  not. 

So  long  as  n  is  small  compared  with  m,  we  have  asymp- 
totically 

,  m0(2A)  t    .  m0(2A) 

and  hence  Lt.  %  (^AO  _  1  # 

Thus  the  first  part  of  the  series  reduces  to 

2  i  (D  |  n)    (m  =  oo  ,  n  =  oo  ;  lt.  n/ra  =  0). 

For  the  remaining  part  of  the  series  we  may  suppose 
Lt.  (m/n)  <  M, 
where  M  is  some  finite  quantity ;  hence  for  the  residue 

sW(i)|?l)<+W2^)(i)|,l) 
<±pt{D\n). 

It  follows  from  Art.  46  that  the  sum  of  every  4^>(A)  con- 
secutive terms  of  %(D\n),  in  the  order  written,  is  zero:  hence 
the  limit  of  2  (B I  n),  although  indeterminate,  is  not  infinite ; 
and  since  (m)  increases  without  limit,  this  remaining  part 
of  the  series  ultimately  vanishes,  and  we  have  ultimately 

hit     .  _  1  _  ,  . 
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where,  for  convenience  of  calculation,  the  terms  are  to  be  written 
in  such  an  ordei 
really  stands  for 


in  such  an  order  that  n  increases  continually,  and  2  -  (D  \  n) 

71 


U.l-(D\n), 

where  n  assumes  all  positive  integral  values  which  are  prime  to 
2A,  and  such  that  Lt  (n/m)  =  0,  when  m  is  increased  without  limit. 

If  D  =  —  1,  we  must  write 

As  a  verification,  we  know  that  in  this  case  h  =  1,  so  that  we 
should  have 

1%(1-3  +  5 
the  truth  of  which  is  well  known. 


}♦•-) 


204.  We  will  now  suppose  that  D  is  positive.  In  this  case 
the  equation  t2  —  Du2  =  1  has  an  infinite  number  of  solutions,  so 
that  every  root  of  the  congruence  n2  =  D  (mod  m)  leads  to  an 
infinite  number  of  representations  of  m  by  one  and  the  same 
form  of  a  particular  class.  It  is  possible,  however,  to  assign 
certain  conditions  of  inequality  by  means  of  which  one  of  these 
representations  may  be  isolated  from  the  rest. 

It  has  already  been  proved  (Art.  89)  that  if  #  =  f,  y  =  y  gives 
a  representation  of  m  by  the  properly  primitive  form  (a,  b,  c),  then 
the  complete  set  of  representations  may  be  obtained  from 
x  =  t%  —  u  (ftf  +  orf), 
y  =  tv  +  u(a!;  +  brj), 
where  (t,  u)  is  any  integral  solution  of  t2  —  Du2  =  1. 
This  leads  to 

ax  +  (b  +  </D)  y  =  (t+  u*JD)  {of  +  (6  +  *JD)  rj) 

=  ±(T+  UjDY  {a?  +  (6  +  s/D)  v}, 
ax  +  (b-JD)y  =  ±(T-  U*JD)n  (af  +  (6  -  *JD)  v}, 
where  T,  U  have  their  usual  meanings,  and  n  is  any  real  integer. 

We  may  suppose  that  a  is  positive,  because  the  class  to  which 
(a,  b,  c)  belongs  will  certainly  contain  some  forms  with  a  positive 
first  coefficient,  and  it  is  enough  to  consider  representations  by 
any  one  form  of  the  class. 
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The  different  values  of  ax  +  (b  +  *JD)  y,  taken  without  regard 
to  sign,  form  a  geometrical  progression,  extending  to  infinity  both 
ways,  of  which  the  common  ratio  is  T+  Us/D.  Writing  0  for  this 
ratio,  it  will  be  possible,  in  one  way  only,  to  choose  the  sign  of  the 
ambiguity,  and  an  integral  value  of  n,  so  that 

Vara  <ax  +  (b  +  \/D)  y  <6  sfam, 
and  in  this  way  a  particular  solution  is  isolated  from  all  the  rest 
of  the  same  set. 

Observing  that  {ax  +  (b  +  ^D)  y]  [ax  +  (b  —  \JD)y}  =  am,  we 
see  that  it  follows  from  the  above  inequalities  that 

V 'am  >  ax  +  (b  -  \/D)  y>0~1\/am; 
and  by  combining  these  results  we  infer  successively 

y>0 

and        0  [ax  +(b-  */D)  y\  -  Q-^ax  +  (b  +  *JD)  y]  >  0, 
or  (0  -  e~l)  {ax  +  by)  -  (0  +-       y  sJD  >  0, 

which  reduces  to 

U(ax  +  by)-Ty>0. 
Conversely,  if  the  conditions 

y  >  0,       U(ax+  by)  -Ty>0, 
are  satisfied,  it  will  follow  that 

Vara  <  ax  +  (b  +  \/D)  y<6  \Fam  ; 
because  we  have  at  once 

U{ax+(b  +  s/D)y]  >0y>O, 


ax-\-(b  +  \/D)  y>ax  +  (b-  \/D)  y  > 


am 


ax  +  (b  +  V-D)  y ' 
whence  ax  +  (b  +  \/D)  y  >  4am ; 

while  since 

0  [ax  +  (6  -  s/D)  y]  -  6~x  {ax  +  (b  +  s/B)  y]  >  0, 
we  have,  by  multiplying  by  0  {ax  +  (b  +  y/D)  y],  which  is  positive, 

fram  -  {ax  +  (b  +  JD)  y}2  >  0, 
and  therefore  ax  +  (b  +  ^D)  y  <  0  \farn. 

205.    Consider,  now,  the  hyperbolic  sector  enclosed  by 
ax2  +  2bxy  +  cy2  =  m, 

y  =  o, 

U(ax+by)-Ty  =  0. 
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By  changing  to  polar  coordinates,  it  is  easily  found  that  the 
area  of  the  sector  is 

m  f«  dd   

~  2  Jo  a  cos2  6  + 2b  cos  6  sin  6  +  c  sin2  6 ' 

where  a  is  the  least  positive  angle  for  which 


U(a  cota  +  6)-r  =  0. 


Hence  A  =  1 


"     acotfl  +  &  +  VD"|a 
g  acot6  +  b-JD]o 


~  VD    g  T-  U*JD 

since  T2-DU2=1. 

The  argument  now  proceeds  exactly  as  in  the  case  of  definite 
forms,  except  that  instead  of  a  number  of  equal  ellipses  we  have 
a  number  of  equal  hyperbolic  sectors.  Thus  equation  (A)  of 
Art.  201  is  replaced  by 

5*5  log(r+CrV2))=LV  ^W<«A 

and  the  final  result  is 

where  h  is  the  number  of  properly  primitive  classes  of  determinant 
D,  and  the  summation  applies  fco  all  positive  integers  prime  to  2D. 

As  a  verification,  suppose  D  =  3  ;  here  h  =  2,  the  representative 
forms  being  (1,  0,  -3),  (-1,  0,  3).    We  have  T=2,  U=l,  and 

the  series  2  -  (D I  rc)  is 

i _ i  _i_  jl_._I._JL 

5    7  +  ll  +  13    17    19 +  "' 

_|(  1_  1  1  _JL  I 

~o|l2n  +  l     12n  +  5     12n  +  7  +  I2n  +  11J  " 

It  ought,  therefore,  to  be  true  that 

S  =  ^log(2  +  v/3); 
and  this  may  be  verified  as  follows. 
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Putting  e2™73  =  py  we  have 

6  \1  -  x  1  +  pxj        {      3  5 

-2(l-p)|«-ipW  +  l^-^;AW  +  ...J. 
Suppose  x  =  ip;  then 

=  2ip(l-p)  fit 

Now 

(1  +ip)(l -ip2)    2  4-  (2p  +  l)i    2  -  V3  =    _1  . 

(l-i»(l+t>2)    2-(2/D  +  l)t    2  +  V3    (2  +  V3)2' 
and  2ip  (l-p)=  %  (2p  +  1)  =  -  2V3  ; 

therefore       -  2S V3  =  log  (2  +  V3)~2  =  -  2  log  (2  +  V3), 

or  ^  =  -^log(2  +  V3), 

which  is  right. 

206.    It  will  now  be  shown  that  the  series 
H=x\(D\n), 

upon  which  the  determination  of  h  has  been  made  to  depend, 
may  be  expressed  in  finite  terms.  It  will  be  supposed  that  D 
is  not  divisible  by  any  square,  since  by  Art.  151  the  class-number 
for  a  determinant  DS2  may  be  deduced  from  that  for  the  deter- 
minant D.  We  shall  therefore  have  to  consider  the  cases  when 
D  =  ±  P  or  ±  2P,  P  being  the  product  of  different  positive  odd 
primes;  it  will  further  be  necessary  to  distinguish  each  case 
according  as  P  =  1  or  3  (mod  4).  Altogether,  then,  there  will 
be  eight  different  cases. 

I.    Suppose  D  =  —  P  =  1  (mod  4). 

By  the  generalized  law  of  reciprocity 

(B|»)-(-P|»)-(nin 

sothat  H=t-(n\P). 
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Since  (n  \  P)  «  (n  \  P)  if  ri  s  <n  (mod  2P),  and  (n'  \P)  =  -(n\P) 
if  ri  =  —n  (mod  2P),  it  follows  that 

where  the  summation  applies  to  all  odd  numbers  v  which  are  less 
than  P  and  prime  to  it. 

Now  by  logarithmic  differentiation  of 


sin  x  =  x  II  [I 


n  f  i  -  4-J 


we  find  that  cot  x  =  -  —  X  a 


■-a? 

hence  H  =  ^  2  ( »  |  P)  cot  ^ . 

This,  as  it  stands,  is  a  finite  expression :  it  may,  however,  be 
transformed  in  such  a  way  that  the  circular  functions  disappear, 
and  are  replaced  by  purely  arithmetical  functions. 

We  have  v  —  P  —  2/x,  where  fi  is  an  integer  prime  to  P  and 
less  than  \P ';  moreover 

(HP)  =  (-2/t|P)  =  -(2|P)j>|P); 

therefore  ff  =  -  ^  (2 1 P)  2  Qi\  P)  tan^ 

=g(2|i>)2WP)^I 

where  r  =  e2nilP,  and  the  sum  is  taken  for  fj,=  1,  2,  3...  £(P-  1) 
with  the  convention  that  (/a  |  P)  =  0  when  /a  is  not  prime  to  P. 

If  we  write  P  —  fi  for  the  expression  remains  unaltered, 
so  that 

H=^(2\P)t(X\P)r^v 

[\  =  1,  2,  3,...(P-1)]. 
Now  if  a)  is  any  root  of  the  equation  cop  —  1  =  0, 
ft)  —  1  _  a)  (1  —  ft)p_1) 
t»  +  l  -      1  +  w 

=  &)  —  a)2  +  G)3  —  ...  —  ft) p_1 

i 

hence         H  =  ^  (2 1 P)  2  (- 1)-1  (\  |  P)  r*-. 

A,  a 
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But  by  Art.  191 

t(\\P)r**  =  (a\P)t(\\P)r* 

=  (a\P)WP; 

therefore        H  =  ^  (2  \P)*t  (- 1)*  (a  |  P). 

This  may  be  further  simplified :  for  if  a  is  even,  we  may  put 
a  =  2a', 

whence  (2 1 P)  (- 1)-  (a  |  P)  =  (a'  |  P) ; 

while  if  a  is  odd,  we  may  put 

a  =  P-2a', 

and  then  (2  | P)  (- 1)« (a|P)  =  (a' | P) 

as  before.    The  values  of  a!  in  each  case  are 
1,  2,  3...i(P-l): 

7T  i(P-D 

so  that  finally  H  =  fjp    f  (a'lP)- 

The  number  of  classes  is  therefore 

7T  xi/ 

or,  in  words ; 

When  D  =  —  P  =  1  (mod  4),  wtare  P  involves  no  square  factor, 
the  number  of  properly  primitive  classes  for  the  determinant  D  is 
equal  to  the  excess  of  the  number  of  positive  integers  a',  less  than 
JP,  for  which  (a!  \  P)  =  + 1  over  the  number  of  those  for  which 
{a!  |  P)  =  —  1 ;  it  being  understood  that  (a'  |  P)  =  0  when  a'  is  not 
prime  to  P. 

When  P  is  a  prime  of  the  form  4n  +  3,  the  number  of  properly 
primitive  classes  is  simply  the  excess  of  the  number  of  quadratic 
residues  of  P  contained  in  the  series 

1,  2,3...i(P-l) 

above  the  number  of  non-residues. 

For  instance,  if  P  =  ll,  the  residues  are  1,  3,  4,  5,  while  there 
is  only  one  non-residue,  namely  2 ;  hence  h  =  4  —  1  =  3,  which  is 
right,  the  positive  properly  primitive  classes  being  represented  by 
(1,  0,  11),  (3,  +  1,  4). 
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II.    Let  D=-P=3  (mod  4). 

In  this  case  (D  |  n)  =  (-  l)^-1*  (n  \  P),  so  that 

H=  2  ^  -;  (n  P) 

=2(-D^,  (HP)  {1 + jj^  -  ^  -  ^  +  ^+ ...} 

=  ^2(-l)K-MH-P)<=osec^ 

Writing  fi  =  2/z/,  or  fi  =  P  —  2fj,'  according  as  fi  is  even  or  odd, 
this  easily  reduces  to 

^2(^'|P)Sec^, 

where  /x,  like     assumes  the  values  1,  2,  3...J(P  —  1). 
Omitting  the  accent,  and  introducing  r,  we  have 

=  ^2(X|P)sec^ 

Now,  if  <o  is  any  complex  root  of  <wp  -  1  =  0, 
ft)  1 
1  +  G)2  ~  o  +  ft)"1 

=  l  +  a4  +  a)-4  +  a)8  +  a)-8  + . . .  +  <op-1  +  o-p+1 ; 

therefore         H  =  ^  2  (X  |  P)  { 1  +  r4*-"  +  r"4^" J, 
or  since 

2(X|P)  =  0,    2 (X | P) r4^"  =  2 (X | P) r-4*«"  =  (a" |  P) sJP, 

AAA 

we  have  H  =  ^^{a"\P), 

where  the  values  of  a"  are  1,  2,  3...J  (P  —  1). 
Finally  ^  =  22  (a"  |  P). 

For  example  let  P  =  77.   Here  (a"  |  P)  =  0  when  a"  =  7,  1 1,  14, 
(a"|P)  =  l  when  a"=l,  4,  6,  9,  10,  13,  15,  16,  17,  19,  while 
(a"|P)  =  —  1  for  the  remaining  six  values  of  a" ;  hence 
A=2(10-6)  =  8. 
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The  representative  forms  for  the  determinant  —  77  are  in  fact 
(1,  0,  77),  (7,  0,  11),  (2,  1,  39),  (9,  2,  9),  (3,  ±  1,  26),  (6,  ±  1,  13), 
eight  in  all. 

III.    Let  D  =  -  2P  =  2  (mod  8). 

Here  (D\n)  =  (-  I)**"2-1'  (n\P),  and 


11  =  2, 


(n\P). 


Observing  that,  if  n  is  odd, 

(4P  ±  nf  -n*  =  16P2  ±  SPn 
=  ±8  (mod  16), 
we  see  that  the  expression  H  may  be  written  in  the  form 

H  =  X  (-  !)*<->  (v\P)  g  +  ^  -  - 


+ 


=  )  (,|P)  cosec|J 

[f  =  l,  3,  5...(2P-1)]. 
By  adding  the  first  term  to  the  last,  the  second  to  the  last  but 


one,  and  so  on,  this  becomes 


r  (p-i)tt 


H  = 


ttV2 
2P 


cos 


4P 


sin 


cos 


(P-3)tt 
4P 


cos 


2P 


cos 


sin 


(P-3)ir 
2P 

(P-7)tT 

4P 


(5|-P) 


(P-B)«- 
4P 


cos 


(P-5)9T 

2P 


cos 


(P-7)7T 

2P 


Now  if  is  an  integer,  it  is  evident  that 

P  + 


also 


(T^)  =  (HP): 


(P-z/W      .    (P  +  z,)tt 

cos  - — — =  sin 


4P 


4P 


(P-p)tt  (P  +  j/W 

C0S      2i^~=-C°S  2P^: 
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hence  the  above  expression  may  be  written 

'P+l 


H  = 


W2 
2P 


.   (P  +  1)tt 
-*P~ 
(P-H)tt' 
2P 

.  (P  +  5)tt 
Sm-4P~ 


cos 


.  (P-3)tt 

sin  v 


cos 


4P 
2P 


cos 


2P 


sin 


The  term 


cos 


2tt 


has  a  coefficient  +1  or  —  1  according  as 


P  =  7  or  3  (mod  8) :  hence  we  have,  by  rearranging  the  terms, 

LLTT 

ir-^(i|P)S(-i)«0.|P)— £ 

cos-^- 
2,  3...£(P-1)]. 
If  we  change  n  into  P  —  fi,  (—  l)*-1  becomes  (-  l)**,  and  (/*|P) 
becomes  —  (/jl\P),  while  the  trigonometrical  factor  is  unaltered: 
hence 

.  X.7T 

/9  sm  "P~ 

tf  =  ^(2|P)2(-l)-(X|P)— ^ 

cos-p- 

0  =  1,2,  3...(P-1)]. 

Writing  2/i  for  the  even  values  of  \,  and  P  —  2/a  for  the  odd 
values,  this  becomes,  after  some  easy  reductions,  similar  to  those 
employed  in  the  previous  cases, 

.  2/X7T 

sin  -p- 

cos  -w- 


[>  =  1,  2,  3...*(P-1)]. 
If  we  write  P  —  /a  for     this  expression  is  unaltered,  so  that 
finally 


H  = 


ttV2 
4P 


sin 


2X?r 


2  (X|P) 


cos 


4X-7T 
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_  zW2  rA_r-A 

where  r  —  e2wi/p,  and  the  values  of  \  are  1,  2,  3...(P  — 1). 
Now  if  a)  is  any  complex  root  of  the  equation  o>p  —  1  =  0, 

— — ^—  =  —  (a)  —  ft)-1  —  a)6  +  ft)-5  +  a)9  —  a)-9  —  ...), 
ft)3  +  a)-2 

where  the  series  ends  with  ±  &>p~2  +  ft>_p+2.  Hence 

tf=-^2(\|P)  (r-r-1-r°  +  r-8  +  ...) 

=  ^(1-(5|P)  +  (9|P)-(13|P) +  ...), 

where  the  series  ends  with  ±  (P—  2|P). 
The  value  of  h  is  therefore 

fe  =  2{l-(5|P)  +  (9|P)-(13|P)+...±(P-2|P)j, 
where  it  must  be  remembered  that  (w|P)  is  to  be  put  equal  to 
zero  when  m  is  not  prime  to  P. 

For  example  let  D  =  —  94  =  —  2 .  47.  We  find  from  Gauss's 
table  of  quadratic  characters  that 

1,    9,  17,  25P47,    33,  41  iW, 

5,  13,  29,  45  iW,    21,  37P47, 

hence  A  =  2(8-4)  =  8. 

Or  again,  if  D  =  —  30  =  —  2 . 15,  we  have 

h  =  2  {1  -  (5 1 15)  +  (9 1 15)  -  (13 1 15)) 

=  2(1-0 +  0  + 1}  =  4. 

The  expression  for  the  class-number  may  be  reduced  to  the 
form 

h  =  2S  (a|P), 

where  the  summation  applies  to  all  integers  a  for  which 
£P<a<|P. 

For  suppose  P  =  7  (mod  8) :  then  (2|P)  =  1,  and  the  quadratic 
characters,  with  regard  to  P,  of 

1,  -5,  9...(P-6),  -(P-2) 

will  be  the  same  as  those  of 

i(P  +  l),  i(3P-5),  J(^  +  9).  -i(2-P-6),  J(2P  +  2). 
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Similarly  when  P  =  3  (mod  8),  the  characters  will  be  the  same 
as  those  of 

i(3P-l),  i(P  +  5),  J(3P-9)...i(2P-6),  i(2P  +  2), 

and  in  each  case  it  is  easy  to  see  that  h  may  be  expressed  as 
above  stated. 

For  instance,  if  P  =  23, 

h  =  2  {1  -  (5 1 23)  +  (9 1 23)  -  ( 1 3 1 23)  +  (17 1 23)  -  (21 1 23)) 

=  2  ((3 1 23)  + (8 | 23) + (4 | 23) + (7 | 23) + (5 | 23)  +  (6 1 23)} 

=  2%  (a|P); 

and  if  P  =  11, 

&  =  2{1-(5|11)  +  (9|11)} 
=  2{(4|ll)  +  (2|ll)  +  (3|ll)) 
=  22  (a|P) 

as  before. 

IV.    Let  D  =  -  2P  =  6  (mod  8). 

Proceeding  as  in  last  case,  we  find  that 

H=^-^-li  (n\P) 

=      2  (-  l^-D+it-ii  (V\P)  cosec  V~ 

[>  =  1,  3,  5...(2P-1)] 
LLir 

=  ^52(2|P)2(-1)»WP)_^_ 

cos-^- 


[>  =  1,  2,  3...HP-1)] 
2Xtt 


W2V/.,^C°S^ 


[\  =  1,  2,  3...(P-1)] 


cos  p 


-  4p  *  (*W  r2A+r_2A. 
Now  if  co  is  any  complex  root  of  cop  —  1  =  0, 

CO  +  CO-1 


—          =  co  +  co'1  -  co5  -  co~5  +  co9  +  cq-»  -  . . .  +  (cop"4  +  o)-p+4)  +  1 


NUMBER  OF  CLASSES.  247 

yX  y,— X 

Expanding  r2A  +  r_2A  by  this  formula,  and  remembering  that 
2(\|P)  =  0,  we- obtain 

H  =  m  [  1 "  (5 1  P)  +  (9 1  P)  "  •  *  *  ±  (TZr4!  1  P)} ' 
and  therefore         =  2  (1  -  (5 1 P)  +  (9 1 P)  -  . . .). 

This  is  the  same  formula  as  in  last  case ;  the  only  difference  is 
that  the  number  of  terms  is  \  (P  —  1)  instead  of  J  (P  + 1). 

By  reasoning  exactly  similar  to  that  employed  for  case  III., 
the  expression  for  h  may  be  reduced  to  the  form 

fc  =  2{2(«|P)-2(/3|P)}, 
where  the  summations  apply  to  all  values  of  a  and  {3  such  that 
0<«<£P,  §P</3<£P. 
It  may  be  convenient  to  exhibit  the  results  for  a  negative 
determinant  in  the  following  tabular  form : 

P=l  (mod  4),       h  =  $(a\P), 
o 

P ee  3  (mod  4),      h  =  2X(a\P), 
o 

2P  =  2  (mod  8),     /*  =  2l(a|P), 
2P  =  6  (mod  8),     h  =  2  [k  (a|P)  -  %  (a|P)}. 

0  3 

Here  the  symbol  S(a|P)  is  used  to  express  that  the  sum  is  to 
p 

be  taken  for  all  integral  values  of  a  such  that  <  a  <  ~ . 
(Cf.  Dirichlet,  Zahlentheorie,  p.  275.) 

207.  The  remaining  four  cases  relate  to  a  positive  deter- 
minant. 

V.    Let  D  =  P  =  1  (mod  4). 

Here  H  =  %(D\n)  -  =  X  (n\P)  - . 

Multiply  both  sides  by 

</P  =  X(\\P)r* 
[r  =  eui/p.  x  =  l,  2,  3...(P-1)], 


I. 

D 

II. 

D 

III. 

D 

IV. 

D 
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then,  observing  that  2(\|P)rn*  =  (>|P)2(\|P)r\  we  have 
JHrVP  =  S(X|P)|^+ir^  +  |^+...|. 
Now  if  x  —  peei,  when  p  is  positive  and  less  than  1, 

1  2p  sin  6 


1log1  +  2pCOS(9  +  ^ 


+ 1  tan" 


4    6  1  -  2p  cos  6  +  p2  '  1  -  ' 

and  the  limit  of  the  real  part  of  this  when  p  =  1  is 

1,     1  +  cos  6    1  0    1.  J 

il0gr^0^  =  4l0^C0t  2  =  2l0^  C0t2 


2  2 


Since  H\/P  is  real,  it  is  unnecessary  to  consider  the  limiting 
value  of  the  imaginary  part,  and  we  have 


cot-p 


Consequently 

h\og(T+  U*JD)  =  2#V P  =  X(X|P)  log 


=  log 


cot  jj 


n 

,  air 
cot  -p 

n 

cot  -p 

where  the  product  applies  to  all  values  of  a  between  0  and  P  for 
which  (a|P)=  1,  and  to  all  values  of  /9  between  0  and  P  for  which 
09|P)  =  -1. 

If  we  write  a  =  P  —  a',  and  /3  =  P  —  @',  when  «  or  /3  exceeds 
£P,  the  formula  is  reduced  to 

(Z7T 


n  COt 


h\og(T+  Us/D)  =  2\og 


II  cot  -p 


with  the  conditions 

0<a<iP,  (a|P)=l;    0  <  b  <  |P,  (6|P)  =  -1. 
For  instance,  if  P  =  5,  then  a  =  1,  b  =  2,  and 


cot 


,  2tt 

cot  — - 
o 


and  therefore 


=  2  +  V5,         CV5  =  9  +  4V5, 
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VI. 

Here 


D  =  P  =  S  (mod  4). 
2(_ i)l(n-D  (n\P)l, 


H 

iHJP  =  S  (X|P)  |rx  -i^  +  i^-  ...  | , 
and  H\/P  is  equal  to  the  real  part  of 
-2(\|P) 

lit  2Att\ 


#  =  ir" 


where 

As  before,  this  is 

-2(x|P)log 

and  therefore,  with  the  same  notation  as  before, 


.  7T  \7T 

cot|i  +  -p 


h  log  (T+  U*JD)  =  log 


n 

tan 

^7T  oltt\ 

n 

tan 

'7T  /87T\ 
J+  ~PJ 

This  may  be  written  in  a  somewhat  simpler  form  if  we  observe 
that  the  series  of  numbers  P  +  4a  are  congruent  (mod  4P)  to  all 
the  integers  m  between  0  and  4P  which  satisfy  the  conditions 
m  =  S  (mod  4),  (m|P)  =  l;  while  the  integers  —  P  +  4/3  are  con- 
gruent (mod  4P)  to  all  the  integers  n  between  0  and  4P  which 
satisfy  the  conditions  n  =  1  (mod  4),  (n\P)  =  —  1.  Hence  if  b 
stands  for  any  one  of  the  odd  integers  between  0  and  4P  for 
which  (P|6)  =  — 1,  this  will  comprise  all  the  numbers  m  and  n, 
so  that 


n 


tan 


(1  1  &E\ 


=  nltan^  +  P)7r.nltan^7/)- 


4P 


4P 


n 


tan 


4P 


Hence         h\og  (T+  UsJD)  =  log  n  |  tan  ^  | . 

Thus  when  P  =  3,  the  values  of  b  are  5  and  7  ;  whence 


bir      ,       57T  77T 

11  tan      =  tan  j^tan  ^  = 


(2  +  V3)2  =  -(r+  ^V3)2, 


so  that 


A  =  2. 
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VII.  D  =  2P  =  2  (mod  8). 

In  this  case       II  =X  (-  (n\P)  1 . 

VP  =  2(X|P)r\ 

and  therefore 

iTVP  =  S(\|P)  |r*-|i^-gf^-+yf»  +  ... | . 

Now  it  is  easily  proved  that  if 
and  \<b\  <  1, 

*  3^    5^  +  7*      ••-2V2  -og(l-fe)(l-^)- 

Putting  a?  =  r*  and  attending  only  to  the  real  part  of  the 
logarithm,  we  find  that 

and  consequently 

*  log (r  +  ovd) = kg-J — vf  8; — \f  Sfi. 

n|COt(p+8jC°H^-8)| 

This  may  be  reduced  to  the  form 

Mog(r+tV-D)  =  logn|tan!j|, 

with  the  conditions 

0<6<8P,       (2P|6)  =  -1. 

Thus  if  P  =  5,  the  values  of  b  are  7,  11,  17,  19,  21,  23,  29,  33 ; 
and  hence 

*  log  ( T  +  t^)  =  log  (ton-  %  tan«  ^  tan,  ^  tan2  «*) 

=  log(19  +  6\/10)2, 
and  therefore  /&  =  2. 

It  may  be  observed  that  4P  — 6  is  congruent  (mod  8P)  to 
a  number  a  such  that 

0<a<8P,  (2P|a)=l, 


hence 
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bir      .   air  , 

cos  g-p  =  sin  g-p ;  and  we  may  write 

bw 
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II  sin 


h\og(T  +  Us/D)  =  \og 


8P 


TT  .  an 


[0<a<8P,    (2P|a)=l;       0<6<8P,    (2P|6)  =  -1]. 

The  formula  is  not  applicable  when  D  =  2 :  it  is  easily  found 
that  in  this  case  h  =  l. 

VIII.  D  =  2P=  6  (mod  8). 

The  work  is  so  much  like  that  of  the  last  case  that  it  is 
needless  to  give  it  in  detail.  The  result  is  that,  with  the  same 
notation  as  in  the  last  case, 

K\og(T+UJD)  =  \og 


n 

,  (OLTT 

cot  [-p  - 

s) 

.  (air 
tanf -p 

♦Bl 

n 

cot(5- 

8; 

-1) 

=  iogn 


bir  I 


II  sin 


log- 


8P 


II  sin 


air 
8P 


For  example  when  D  =  6,  the  values  of  b  are  7,  11,  13,  17,  so 


that 


and  hence 


n  tan  ~  =  tan2  ~  tan2 ^J=(5+  2V6)2, 
h  =  2. 


Many  other  forms  may  be  given  to  the  expression  for  h ;  those 
which  have  been  found  above  appear  to  be  the  simplest.  It  will 
be  convenient  to  collect  them  in  the  following  tabular  form. 

Dee  1  (mod  4), 

bir  I 


n 


h\og(T+U*JD)  =  \og 


tan 


D 


n 


air 

tan 


[0<a<D,    (a|D)=l;       0<b<B,    (b\D)  =  -l]. 
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D  +  1  (mod  4), 


h  log  (T+  U^JD)  =  log  n  |  tan  ^  | 

.  nsini5 
nslni5 

where  a,  6  denote  odd  integers  such  that 

0<a<4D,   (D|o)  =  l;      0<&<42),   (X>|6)  =  —  1. 

208.  The  method  of  last  article  may  also  be  applied  when  D 
is  negative.  The  work  is  much  the  same,  except  that  in  the 
logarithms  which  occur,  it  is  the  imaginary  parts  which  have 
to  be  retained,  and  since  these  are  many-valued,  some  care  is 
necessary  to  ensure  the  correct  values  being  taken. 

For  a  discussion  of  this  point,  and  for  a  somewhat  different 
way  of  effecting  the  summation,  the  reader  is  referred  to  Dirichlet 
(Recherches,  etc.  §  10,  or  Zahlentheorie,  §§  102 — 6)  and  Smith 
(Report,  Art.  104).  It  may  be  added  that  the  value  of  h,  ob- 
tained in  this  way,  presents  itself  in  a  form  different  to  that 
given  above;  but  there  is  no  difficulty  in  showing  that  the 
results  of  the  two  methods  are  in  agreement. 

209.  There  are  many  reasons  in  favour  of  adopting  as  the 
typical  expression  for  a  primitive  quadratic  form 

aa?  +  bxy  +  cy2 
with  a  determinant  D  =  b2  —  4ac, 

where  a,  b,  c  are  integers  without  any  common  divisor  except 
unity. 

It  is  clear  that 

D  =  0  or  1  (mod  4), 
and  that,  conversely,  if  D  satisfies  one  of  these  conditions,  there 
will  be  primitive  forms  of  determinant  D. 

We  may  put  D  =  D0Q\ 

where  D0  =  0  or  1  (mod  4),  and  D0  involves  no  square  factor, 
except  when  D0  =  0  (mod  4),  and  \Dq  is  of  the  form  4&  +  2  or 
4<k  +  3,  in  which  case  the  square  factor  4,  but  no  other,  is 
retained  in  D0.    Thus  D0  satisfies  one  or  other  of  the  conditions 

D0=  P,    P=    1  (mod  4), 

£,,  =  4^    P=-l  (mod  4), 

D0  =  SP,    P=±l  (mod  4), 
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where  P  involves  no  square  factor.  Numbers  such  as  D0  may  be 
called  (after  Kronecker)  fundamental  discriminants.  This  being 
so,  the  number  of  classes  of  primitive  forms  for  a  fundamental 
discriminant  D0  may  be  expressed  by  the  following  formulae. 

I.  D0<0, 
h=^-Z(D0\k)k    [k  =  1,  2,  3,. ..(-D0-  1)1 

where  t  =  3  for  D0  =  -3,  t  =  2  for  D0  =  -4,  r  =  l  for  D0<-4. 

II.  D0>0, 

h  log  E  (D0)  =  -  2  (D0 1  k)  log  (1  -  ftoVDo) 
0=1,  2,3...(D0-1)], 
where  B(D0)  denotes  \(T+  U*JD0),  ^,  £f  being  the  least  positive 
integers  such  that  T2  —  D0£72  =  4. 

It  is  to  be  remembered  that  (D0|&)  is  to  be  put  equal  to  zero 
when  h  is  not  prime  to  D0. 

As  in  Arts.  150,  151,  it  may  be  proved  that  if 

D  =  D0Q2, 

where  D0  is  a  fundamental  discriminant,  the  number  of  primitive 
classes  for  the  determinant  D'  is 

where  h  is  the  number  of  primitive  classes  for  the  determinant  D0, 
and  the  product  applies  to  all  prime  factors  of  Q  which  do  not 
divide  D0. 

These  results  are  taken  from  Kronecker's  researches  on  elliptic 
functions  (Zur  Theorie  der  elliptischen  Functionen,  Berlin  Sitz- 
ungsberichte  for  April,  1885,  p.  768).  It  is  easy  enough  to 
prove  that  they  are  in  agreement  with  the  ordinary  theory; 
the  simplification  which  is  gained  is  obvious.  It  may  be  specially 
noticed  that  in  the  modified  theory  improperly  primitive  forms  do 
not  occur. 

The  discussion  of  Kronecker's  very  important  memoirs  must 
be,  for  the  present,  postponed;  and  in  the  rest  of  this  chapter 
only  quadratic  forms  of  the  ordinary  type  will  be  considered. 

210.  It  is  unnecessary  to  enlarge  upon  the  very  remarkable 
character  of  the  foregoing  investigation,  whether  it  be  regarded 
as  the  direct  determination  of  the  class-number,  or  as  the  ex- 
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pression,  in  terms  of  the  class-number,  of  the  sums  of  certain 
infinite  series.  There  are,  however,  two  points  which  deserve  to 
be  emphasized.  The  first  of  these  relates  to  the  distribution  of 
the  residues  and  non-residues  of  a  given  number.  For  simplicity 
take  the  case  of  a  prime  negative  determinant  D  =  —  p,  where  p 
is  a  prime  of  the  form  4m  +  3.    The  formula  (p.  247) 

*  =  2(«li>), 

0 

combined  with  the  remark  that  h  is  necessarily  a  positive  integer, 
leads  to  the  conclusion  that  in  the  series 

1,  2,  3...|0>-1), 

there  are  more  quadratic  residues  of  p  than  non-residues.  It 
does  not  appear  that  any  independent  proof  of  this  proposition 
has  ever  been  discovered.  If  any  such  proof  could  be  found,  it  is 
not  impossible  that  it  might  lead  to  a  determination  of  h  without 
the  use  of  infinite  series.  Similar  remarks  apply  to  the  other 
formula?  for  negative  determinants. 

The  other  point  to  be  noticed  is  that  when  D  is  positive  we 
are  able  to  construct  a  solution  of  the  Pellian  equation  by  means 
of  trigonometrical  formulae ;  the  solution  thus  obtained  being  not 
the  fundamental  solution,  but  one  of  which  the  place  in  the  series 
of  solutions  depends  upon  the  value  of  h.  Dirichlet  has  verified 
a  posteriori  that  the  trigonometrical  expressions  which  occur  in 
the  determination  of  h  do  in  fact  lead  to  integral  solutions  of  the 
Pellian  equation.  For  the  complete  discussion  the  reader  is 
referred  to  his  memoir  (Sur  la  mani&re  de  resoudre  liquation 
t*—pv?  —  \au  moyen  des  fonctions  circulaires,  Crelle,  xvn.  (1837), 
p.  286);  it  will  be  sufficient  to  consider  here,  by  way  of  illustration, 
the  case  when  D  —  p,  a  prime  of  the  form  4m,  +  1,  so  that 


h\og(T  +  U</p)  =  \og 


u 

bir 

tan  — 

 L. 

n 

air 
tan  — 

P 

With  the  notation  of  Chap.  VII.,  we  have 
x-1 


7  +  Zsjp  =  2n  {as  -  ra),    Y  -  Z*Jp  =  211  {at  -  rb), 
where  r==e^i/pt 
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Let  /,  g  be  the  numerical  values  of  Y,  Z  when  %  =  1 :  then 

f2-P92  =  *P- 
Hence  /  is  a  multiple  of  p,  and  if  we  put 

f=P9>  9=f, 
then  /',  g'  will  be  integers,  and 

f2-pg'2=-*- 

Similarly,  if  f\  g"  are  the  values  of  Y  and  Z  when  #  =  —  1, 
Hence 

f'-9Wp  f"  +  g,Wp^Tl(l-rb)n(l  +  r"). 

f+gWp'f'-g'Wp  n(i-r«)n(i  +  r6)' 

n  tan  — 

that  is,   JL  =  i  (/  -  gWpf  (/"  +  g'WpY 

n  tan  — 

p 


Now  if  p  =  1  (mod  8)  it  is  easily  seen  that  f ,  g\  f",  g"  are  all 
even ;  for  if  we  suppose  g'  to  be  odd,  g'2  =  1  (mod  8),  and 

f'2  =  pg'2-4>  =  5  (mod  8) 

which  is  impossible ;  and  similarly  for  f,  g".  Hence  f'f"  —  pg'g" 
and  fg"  —  f'g'  are  both  multiples  of  4,  and 

n  tan  — 

 JL  =  (t'  +  uWPY, 

n  tan  — 
P 

where  (£',  u)  is  an  integral  solution  of  t'2  —  pu'2  =  —  1. 
Consequently  (f  +  u^/p)2  =  t  +  u  Vp, 

where  (t,  u)  is  an  integral  solution  of  t2  —  pu2=  1. 

Next  suppose  p  =  5  (mod  8).    Then  from  the  equations 
Vp(/'+<A/i>)  =  2II(l-r«), 
(/'  +  <A/p)  =  2n(l+r»), 

it  follows  that 

VP  (/'  +  #Vp)  (/"  +  <7Vi>)  =  4H  (1  -  r**) 
=  4n  (l-r6), 
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since  (2 1  p)  =  —  1 ;  therefore 

Vp  (/'  +  gWp)  (/'  +  g'Wp)  =     (/'  -  <7Vp), 

and  hence  -  2  (/"  +  g'Wp)  =  (/  -  V/))2, 

i6  I    2    ;  • 

It  may  easily  be  shown  that  whether  /",  g"  are  both  even  or 
both  odd, 

where  (t,  u)  is  an  integral  solution  of  P  —  pu^—  1.  This  is  obvious 
when  /",  g"  are  both  even :  if  they  are  both  odd,  it  follows  from 
the  fact  that,  to  modulus  8, 

/'  (/'a  +  W)  =f"  (1  +  3  •  5 . 1)  =  0, 

and  similarly 

g"(pg"*+3f")  =  g"(5.1+3A)  =  0. 
It  is  evident  that  /",  g"  cannot  be  one  even  and  the  other  odd ; 
hence  in  every  case  when  p  =  1  (mod  4) 

II  tan  — 

 JL=t  +  usJp, 

II  tan  — 
P 

where  (t,  u)  is  an  integral  solution  of  £2  —  pu?  =  1. 

It  may  be  observed  that  when  p  =  1  (mod  8),  f"  =  2  and 
<7"  =  0;  consequently  Y—  2  and  Z  involve  the  factor  oc+1.  For 
instance,  when  p  =  17, 

Y-2  =  x(x  +  l)(2x9-x*  +  6xi  +  x*  +  3x2  +  4!x+l) 
=  x  (x  + 1)  (a?  +  2#  + 1)  (2a3  -  a3  +  2a?  +  1), 
Z=x{x  +  l)(a?  +  l)(a*  +  l). 
It  may  also  be  noticed  that  it  follows  from  the  foregoing 
analysis  that  when  p  =  5  (mod  8),  and  the  equation  t*  —  pu2  =  4> 
does  not  admit  of  odd  solutions,  the  class-number  is  divisible  by  3. 
This  agrees  with  the  results  of  Art.  153. 


CHAPTER  IX. 


Applications  of  the  Theory  of  Quadratic  Forms. 


211.  In  order  to  acquire  complete  familiarity  with  the  theory 
of  quadratic  forms,  it  is  indispensable  to  work  out  a  considerable 
number  of  special  cases.  The  student  should  have  no  difficulty  in 
doing  this,  with  the  help  of  the  examples  which  have  been  already 
given ;  and  he  cannot  do  better  than  draw  up  a  complete  classifi- 
cation for  a  series  of  positive  and  negative  determinants,  afterwards 
comparing  his  results  with  the  tables  of  Gauss  or  Cayley.  It  is 
not  easy  to  construct  a  large  variety  of  exercises  distinct  from  these 
direct  applications:  in  fact,  in  the  present  state  of  the  theory, 
every  problem  of  a  distinctly  new  type  is  apt  to  present  unex- 
pected difficulties,  and  its  solution  .often  requires  the  invention  of 
new  methods,  and  even  of  new  principles.  There  are,  however,  a 
few  problems  of  great  interest  to  which  the  theory  of  quadratic 
forms  has  been  successfully  applied,  and  some  of  these  will  now  be 
considered. 

212.  The  first  is  the  discovery  of  all  the  integral  solutions,  if 
any  exist,  of  the  general  indeterminate  equation 

0  =  aoo2  +  2hxy  +  bf  +  2gx  +  2/y  +  c  =  0. 

Following  the  notation  usually  employed  in  analytical  geometry, 
we  shall  write 

a  h  g 
h  b  f 
9   f  o 

A=bc -f\  B  =  ca-g\  C  =  ab-  h\ 
F  =  gh-af)   G  =  hf-  bg,  H=fg-ch. 


258 


DIOPHANTINE  EQUATION 


Suppose,  first,  that  neither  b  nor  G  is  zero,  and  that  G  is  not  a 
negative  square.  Then  the  proposed  equation  may  be  multiplied 
by  bG,  and  the  result  written  in  the  form 

(Cx  -Qy+C(hx  +  by+fY  =  -  bA. 

If  we  put 

Cx-G=X) 
hx  +  by+f=Y) }> 

then  whenever  (x,  y)  is  an  integral  solution  of  <j>  —  0,  (X,  Y)  is  an 
integral  solution  of 

X2+CF2  =  -6A  (2), 

and  conversely,  if  (X,  Y)  is  an  integral  solution  of  this  equation, 

X  +  G  \ 
x  —  ~ 

°   (3), 

CY-hX  +  bF 

y  = 


bG 

gives  a  solution  of  <f>  =  0,  provided  these  values  of  x  and  y  are 
integral. 

If  G  and  bA  are  both  positive,  there  are  no  real  solutions  of  (2), 
and  the  proposed  equation  is  insoluble.  If  G  is  positive  and  bA 
negative,  there  will  be  only  a  limited  number  of  integral  solutions 
of  (2),  if,  indeed,  there  are  any  :  so  that  it  may  be  discovered  by  a 
finite  number  of  trials  whether  there  are  any  integral  values  of  x 
and  y. 

If,  on  the  other  hand,  G  is  negative,  and  (X0,  F0)  is  any  integral 
solution  of  (2),  there  will  be  associated  with  this  an  infinite  number 
of  solutions,  expressed  by  the  formulae 

±X  =  tX0-uGY0 

±  Y  =  tY0  +  uX0 

where  (t,  u)  is  any  integral  solution  of  22  +  Cu2  =  1,  with  t  positive, 
and  the  ambiguities  are  independent. 

If  the  upper  sign  is  taken  in  each  ambiguity,  the  corresponding 
values  of  x,  y  are 

tX0-uGY0+G 


_t(GY0-  hX0)  +  uG (X0  +  h  Y0)  +  bF 
y~  bG 


(4), 
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With  respect  to  the  modulus  bC,  the  residues  of  the  values 
(Tn,  Un)  which  satisfy  the  equation  Tn*  +  GUn=  1  form  a  recurring 
series  (see  Art.  87);  the  same  will  therefore  be  true  of  the  residues 
of  the  numerators  of  the  expressions  for  x  and  y.  Consequently,  a 
limited  number  of  trials  will  determine  whether  any  of  the  values 
of  x  and  y  are  integral.  The  process  of  trial  has  to  be  applied 
separately  to  each  case  arising  from  (4)  by  variation  of  sign  in 
the  ambiguities. 

By  way  of  illustration,  take  Gauss's  example 

x2  +  8xy  +  y2  +  2x-4>y  +  l=  0. 

Here  A  =  — 36,  C=  —  15;  and  it  is  easily  seen  that  all  the 
integral  solutions  of 

X2-15F2  =  36 

are  given  by  ±  X=6t,    ±  Y  =  Su, 

where  (t,  u)  is  any  positive  solution  of  t2  -  I5u2  =  1. 

We  have  T}  =  4,  Ux  =  1,  and  the  series  of  residues  of  (Tn,  Un)  to 
modulus  15  is  (4,  1),  (1,  0). 

The  general  values  of  x,  y  are  by  (3) 

(i)  x  =  $(2t  +  3),      y  =  -l(U±  15^  +  1); 

(ii)  *=-i(2*-3),    y  =  f(4*±15i/,-l); 

and  these  are  integral  if  we  suppose  that  t  is  chosen  in  (i)  so  that 
2=1  (mod  15),  and  in  (ii)  so  that  t=  4  (mod  15).  For  instance 
t  —  1,  u  =  0  gives  x  =  1,  y  =  —  2 ;  and  t  =  4,  u  =  l  leads  to  x  =  —  l, 
y  =  0  or  12. 

If  b  happens  to  be  zero,  the  equation  <f>  =  0  may  be  multiplied 
by  aC,  and  the  work  proceeds  as  in  the  former  case. 

If  a,  b  are  both  zero,  and  h  is  riot  zero,  the  equation  may  be 
written 

ch 

(hoc+f)(hy  +  g)=fg-2  5 

hence  ch  must  be  even,  and  if  this  condition  is  satisfied,  then 
putting  fg  —  \ch  —  m,  we  break  up  m  into  the  product  of  two 
factors  a,  in  all  possible  ways,  and  find  by  trial  all  the^  integral 
solutions  (if  any)  of 

hx+f=a,    hy  +  g  =  0 
and  hx+f=&,  hy  +  g  =  a. 

where  a/3  =  m. 
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Returning  to  the  general  case,  suppose  C=-ra8,  a  negative 
square  :  then  supposing  b  is  not  zero,  the  equation  in  X,  Y  is 

(X  +  raF)  (X  -  mY)  =  -bA; 
and  this  is  solved  by  putting 

X  +  mY=a,    X-mY  =  /3, 

where  a/3  =  —  6A,  and  examining  all  the  different  cases  to  see 
whether  integral  values  of  X  and  Y  can  be  found.  If  this  is 
the  case,  the  corresponding  values  of  x  and  y  have  to  be  examined. 
A  particular  case  of  C  being  a  negative  square  is  when  a  or  6  is 
zero,  or  again  when  a  and  b  both  vanish :  these  cases  have  been 
already  considered. 

Suppose,  now,  that  (7=0;  then 

ax2  +  2hxy  +  by2  =  m  (ax  +  /fy)2 
where  m,  a,  /3  are  integers ;  and  if  we  put 

ax  +  /3y  =  z, 
we  have  mz2  +  2gx  +  2fy  +  c  =  0 ; 

and  hence         mfiz2  +  2gf3x  +  2f(z-  ax)  +  c/3  =  Q 
m/3z2  +  2fz  +  c/3 

The  solutions,  if  any  exist,  of  the  congruence 

m/3z2  +  2fz  +  c/3=0  [mod  2  (fa-g/3)] 

will  make  x  integral ;  and  then  these  solutions  must  be  examined 
separately  to  see  whether  the  corresponding  values  of  y  are  in- 
tegral. 

Here,  again,  there  are  various  special  cases  which  may  occur : 
it  is  not  worth  while  to  discuss  them  in  detail,  but  the  following 
example  may  serve  to  illustrate  the  general  method. 

Let  the  equation  be 

3a?  +  1 2xy  +  1 2y2  +  4>x  -  2y  -  85  =  0. 
Putting  x  4-  2y  =  z,  we  find  that 

3,z2  +  5ff-s-85  =  0; 
hence  we  must  have     Sz2  —  z  =  0  (mod  5), 
leading  to  z  =  5t  or  5t  +  2. 

First,  suppose  z  —  5t ;  then 

x  =  -15t2+  t  +  ll 
2y  =  lht2  +  U  -  17  =  I2  -  1  (mod  2), 
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therefore  t  must  be  odd  :  let  t  =  2u  —  1,  then 

%  =  -60u2  +  62u  +  l 

y  =  S0u2-26u-S, 

where  u  may  be  any  integer. 

If  z  =  5t  +  2,  then 

^  =  -15^-11^+15 

xy  =    15£2  + 16^  —  13 

and  here  again  t  must  be  odd ;  so  that  putting  t  =  2u  - 1,  we 
obtain  the  second  set  of  solutions 

#  =  -60w2  +  38w  +  ll 

y=    30w2- 14^-7. 

If,  in  the  general  case,  A  =  0,  the  equation  <j>  =  0  assumes  the 
form 

(ous  +  j3y  +  y)  {dx  +  &y  +  7')  =  0, 
and  its  solutions  are  found  by  solving  separately  the  linear  in- 
determinate equations 

a#  +  /3?/  +  7  =  0,    a'x  +  $'y  +  y  =  0. 

It  is  hardly  necessary  to  add  that  if  a,  h,  b  all  vanish  the 
equation  <j>  =  0  is  not  of  the  second  degree. 

213.  Another  problem  to  which  the  theory  of  quadratic  forms 
may  be  applied  is  that  of  finding  out  whether  a  given  number  is 
prime  or  composite.  Theoretically  the  question  may  be  answered 
by  trying  whether  the  number  is  divisible  by  any  integer  less  than 
its  square  root;  but  when  the  given  number  is  very  large  this 
method  becomes  impracticable. 

The  principle  of  the  method  which  we  are  about  to  explain 
consists  in  discovering  by  trial  a  quadratic  form  by  means  of  which 
the  given  number  m,  or  any  multiple  of  m,  may  be  represented ;  the 
determinant  of  this  form  is  a  quadratic  residue  of  m  (Art.  59),  and 
therefore  of  every  prime  factor  of  m.  All  possible  factors  of  m 
must  therefore  belong  to  a  certain  set  of  linear  forms  (Art.  46),  and 
it  is  therefore  unnecessary  to  try  any  divisors  not  contained  in  the 
set.  If  another  quadratic  form,  with  a  different  determinant,  can 
be  found,  by  which  m,  or  a  multiple  thereof,  can  be  represented, 
the  number  of  trial  divisors  may  be  still  further  reduced ;  and  by 
proceeding  in  this  way  we  may  at  last  reduce  the  trial  divisors  to 
a  sufficiently  small  set. 
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Before  going  into  the  general  theory,  it  is  advisable  to  give  an 
example.  Let  m  =  173279;  then  it  will  be  found  that 
2ra  =  5892-3.112. 
Hence  3  is  a  quadratic  residue  of  m,  and  therefore  every  prime 
divisor  of  m  must  be  of  the  form  12n  +  1  or  12w  -f  11.  Moreover 
*/m<  417,  and  the  only  numbers  below  this  limit,  comprised  in  the 
above  linear  forms,  and  exclusive  of  those  which  are  obviously 
composite,  are 

13,  23,  37,  47,  59,  61,  71,  73,  83,  97 
107,  109,  131,  133,  157,  167,  179,  181,  191,  193 
227,  229,  239,  241,  251,  263,  277,  311,  313,  323 
337,  349,  359,  373,  383,  397. 

If  these  divisors  are  tried  successively  it  will  be  found  that  241 
is  a  factor  of  m ;  in  fact 

173279  =  241.719. 
Since  there  are  78  odd  primes  less  than  417,  the  number  of 
trial  divisors  is,  by  this  method,  reduced  by  more  than  one-half. 

It  happens,  in  this  case,  that  the  resolution  may  be  effected 
much  more  easily  by  observing  that 

3m  =  7212  -  4  =  723  . 719  =  3  . 241 .  719, 

whence  ra  =  241 .  719  as  before.  It  will  often  be  found  that  the 
methodical  application  of  the  process  leads  to  "the  required  resolu- 
tion into  factors  in  some  such  simple  way  as  this  :  the  advantage 
of  the  general  theory  is  that  each  trial  gives  some  information  as 
to  the  character  of  the  factors,  and  thus  reduces  the  number  of 
trial  divisors. 

In  general,  if  we  can  express  any  multiple  of  m  in  the  form 
km  =  aa?  +  by2, 

where  it  may  be  supposed  that  a  and  b  are  free  from  square  factors, 
and  x,  y  are  integers,  one  or  both  of  which  may  be  unity,  it  follows 
that 

-  abx2  =  &y  (mod  m), 

and  hence  that  —  ah  is  a  quadratic  residue  of  every  prime  factor 
of  m.  By  means  of  decompositions  of  this  kind,  taken  separately 
or  in  combination,  it  is  usually  not  difficult  to  find  a  number  of 
small  quadratic  residues  of  m;  each  of  these  imposes  certain 
conditions  upon  the  linear  forms  of  the  divisors  of  m,  and  the 
number  of  trial  divisors  is  correspondingly  reduced. 
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Suppose  that,  by  any  method,  we  have  discovered  a  number  D 
which  is  a  quadratic  residue  of  the  odd  number  m ;  then  the 
number  of  the  solutions  of  the  congruence 

x2  =  D  (mod  m), 

is  equal  to  2^  where  fi  is  the  number  of  different  prime  factors 
of  fi  (see  Art.  35). 

The  congruence  may  be  solved  by  the  method  of  exclusion 
explained  in  Art.  47,  and  then  from  the  number  of  solutions  we 
may  at  once  infer  the  number  of  different  prime  factors  of  m. 
Moreover  if  x  =  xy  and  x  =  x2  are  two  solutions,  we  have 

®x  —  ®t  —  (#1  +  #2)  (#1  —  #2)  =  0  (mod  m), 
so  that  if  Xi  +  x2  is  not  a  multiple  of  m,  it  must  involve  a  factor  of 
m,  and  this  can  be  discovered  by  finding  the  greatest  common 
divisor  of  m  and  (xx  +  x2).  Thus  the  method  not  only  enables  us 
to  decide  whether  m  is  prime  or  composite,  but  helps  us  to  find 
the  factors  of  m  when  it  is  not  prime.  It  should  be  observed, 
however,  that  when  m  is  a  power  of  a  single  prime,  we  are  unable 
in  this  way  to  detect  the  composite  character  of  m. 

Instead  of  solving  the  congruence  x2  =  D  (mod  m),  it  is  usually 
more  convenient,  to  find  by  trial  all  the  representations,  or  at 
least  all  the  groups  of  representations  of  m  by  reduced  forms 
of  determinant  D.  Supposing  that  D  is  negative,  say  D  =  —  A, 
there  will,  in  general,  only  be  two  representations  (x,  y),  (—  x,  —  y) 
in  each  group ;  and  it  is  obviously  advantageous  to  choose,  if 
possible,  a  value  of  A  such  that  there  are  only  a  few  classes  in 
each  genus.  The  particular  genus  which  has  to  be  considered  can 
be  found  at  once  by  determining  the  generic  character  of  m. 

If  possible,  a  value  of  A  should  be  chosen  for  which  there  is 
only  one  class  in  each  genus.  Of  such  determinants  sixty-five  are 
known,  and  are  given  in  the  following  table ;  the  Roman  numeral 
prefixed  to  each  group  denotes  the  number  of  genera. 

I.    1,  2,  3,  4,  7. 

II.    5,  6,  8,  9,  10,  12,  13,  15,  16,  18,  22,  25,  28,  37,  58. 

IV.    21,  24,  30,  33,  40,  42,  45,  48,  57,  60,  70,  72,  78,  85, 
88,  93,  102,  112,  130,  133,  177,  190,  232,  253. 

VIII.    105,  120,  165,  168,  210,  240,  273,  280,  312,  330,  345, 

357,  385,  408,  462,  520,  760. 
XVI.    840,  1320,  1365,  1848. 
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It  is  highly  probable,  but  has  not  been  proved,  that  there  are 
no  other  values  of  A  which  satisfy  the  condition  in  question. 

214.  Gauss  has  explained  (D.  A.  Arts.  323 — 6)  a  tentative 
method  for  finding  all  the  integral  solutions,  if  any  exist,  of  the 
equation 

ax2  +  by2  =  m, 

in  which  a,  b,  m  denote  given  positive  integers,  without  any 
common  divisor  except  unity. 

Let  p  be  any  prime  which  does  not  divide  a,  and  let  pv  be  the 
highest  power  of  p  which  divides  b.  Take  any  power  of  p,  say 
pp,  and  let      n2)  w3,  etc.  be  the  quadratic  non-residues  of  p*. 

Let  the  solutions  of  the  linear  congruences 

az  4-  br^  =  m,    az  +  bn*  =  m,    az  +  bn3=  m,  etc.  (mod  p*+p), 
be  z  =  Z\,    z  =  z2,    z  =  z3,  etc.  (mod p^+v). 

Then  it  is  clear  that  if  Z{  is  a  quadratic  residue  of  p"-+v,  and  if 
x2  =  Zi  (mod^*"),  the  value  of 

m  —  ax2 
b  ' 

is  an  integer  congruent  to  ni  (modp^),  and  therefore  cannot  be  a 
square.    Conversely,  if  we  suppose  that 

m  —  ax2       '      ,  . 
 £ —  =  m  (mod  p»), 

we  have  ax2  ~  m  —  brii  (mod  p**") 

=  azit 

and  therefore  x2  =  z„ 

If,  then,  £  etc.  are  those  of  the  numbers  et  which  are 

quadratic  residues  of  p*+v,  and  if  +  f,  ±%\  ±  f",  etc.  are  the  solu- 
tions of  the  congruences 

x2  =  f,    af=  f,    a2  =  J",  etc.  (mod  ^+"), 
it  follows  that  no  values  of  a?  which  are  congruent  (mod  p't+")  to 
any  of  the  numbers  ±  f ,  ±  f ',  ±  f "  etc.  can  possibly  lead  to  integral 
solutions  of  the  proposed  equation. 

In  most  cases  v  will  be  zero ;  and  in  applying  the  method  we 
may  put  successively  /jl  =  1,  2,  3,  etc.,  and  then  for  any  particular 
value  of  fju  it  is  sufficient  to  retain  those  non -residues  (%)  of  p* 
which  are  residues  of  lower  powers  of  p,  since  those  which  are 
non-residues  of  lower  powers  lead  to  values  of  x  which  have  been 
already  excluded. 
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The  value  of  x  must  in  any  case  be  less  than  sfmfa ;  and  by 
the  process  of  exclusion  just  explained  the  number  of  values  which 
have  to  be  tried  may  be  reduced  to  any  extent  that  may  be 
desired. 

As  an  application,  let  it  be  required  to  factorise  781727.  It 
will  be  found  that  this  number,  which  is  of  the  form  4>n  +  3,  is  a 
non-residue  of  3  and  a  residue  of  59 :  this  agrees  with  the  generic 
character  of  the  form  (3,  0,  59),  for  which  A  =  177,  one  of  the 
sixty-five  special  determinants  given  above. 

We  now  proceed  to  find  all  the  positive  integral  solutions  of 

59^  +  3y2  =  781727. 

It  will  be  observed  in  the  first  place  that  ^  <  116,  and  that 
x'2  =  1  (mod  3),  or  x  =  +  1  (mod  3).  Within  the  prescribed  limits 
there  are  77  numbers  of  these  forms,  namely 

1,  2,  4,  5. ..113,  115. 

Now  take  the  '  excluding  number '  5  ;  then  since  59  =  —  1 
(mod  5)  and  781727  =  2  (mod  5),  while  the  non-residues  of  5  are 
2  and  3,  we  have  to  solve  the  auxiliary  congruences 

-£+6  =  2,    -3+9  =  2  (mod  5), 

whence  zx  =  4,  z.2  =  2  (mod  5). 

The  first  of  these  leads  to  the  exclusion  of  all  values  of  x  which 
are  of  the  forms  5n  ±  2. 

In  a  similar  way  the  excluding  numbers  7,  11,  13  lead  to  the 
rejection  of  all  values  of  x  which  are  of  the  forms 

In,  7n  ±  2 ;  lln  ±  1,  lln  ±  2  ;  lSn,  lSn  ±5,  lSn  ±  6  ; 

after  which  only  the  following  twelve  remain : — 

4,  11,  25,  29,  41,  71,  74,  80,  94,  95,  106,  115. 

It  is  easily  seen  that  x  cannot  be  a  multiple  of  4,  so  that  4  and 
80  may  be  rejected ;  then  by  actual  trial  of  the  remaining  values 
we  find  that 

78l727  =  59.292  +  3.4942 

=  59.742  +  3.3912 

=  59.1152  +  3.222. 

Since  these  representations  are  all  primitive,  we  conclude  that 
781727  is  the  product  of  three  different  primes. 
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To  find  the  actual  values  of  the  factors,  we  observe  that  since 


it  follows  that        3  (4942 . 1152  -  222  .  292)  =  0. 

Now  494.115-22.29  =  56172,  and  it  will  be  found  that 
dv  (56172, 781727)  =  4681.  Hence  also  781727  4681  =  167,  which 
is  a  prime.  The  other  prime  factors  may  be  found  in  a  similar 
way,  and  the  final  result  is  that 


where,  as  before,  a,  b  are  positive  and  prime  to  each  other  and  to 
m.    For  simplicity,  take  x,  y,  x',  y'  all  positive.  Then 


Therefore  one  of  the  numbers  (xy'  +  x'y),  (xy'  —  x'y)  is  a 
multiple  of  m,  or  else  each  of  them  has  a  factor  in  common 
with  m. 


=  (axx'  -  byy'f  +  ab  (xy  -f  x'y)2 ; 

therefore,  except  when  ab  =  1,  (xy'  +  x'y)  is  certainly  less  than 
m,  and  hence  dv  (m,  xy'  +  x'y)  is  a  factor  of  m. 

If  ab  =  1,  then  a  =  b  =  1,  and 

m?  =  (xx'  —  yy')%  +  (xy'  +  x'y)12, 

and  here  again  xy'  +  x'y<m  except  when 

x'  :y'  =  y  :  x, 

which  leads  to  x  =y,  y'  =  x.  If  we  consider  that,  from  our  present 
point  of  view,  the  representations  m  =  x2  +  y2  and  m  —  y2-\-a?  are 
not  distinct,  we  may  say  that  in  every  case  two  distinct  positive 
solutions  of  ax2  +  by2=m  lead  to  the  determination  of  a  factor 
of  m. 

The  more  general  equation 


781727  =  31.151.  167. 


215.    In  general,  suppose  that 

ax2  +  by2  =  m, 
ax'2  +  by'2  =  m, 


a  (xy'  +  x'y)  (xy  -  x'y)  =  (y'2  -  y2)  m 
=  0  (mod  m) 


Now 


m2  =  (a^2  +  by2)  (ax'2  +  6/2) 


a^c2  +  2bxy  +  cy2  =  m, 
may  be  replaced  by      (ax  4-  6y)3  +  Ay2  =  cm, 
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and  then  treated  by  the  method  already  explained.  If  (x,  y),  (x\  y') 
are  two  different  positive  solutions,  then  it  may  be  shown  that 
dv(xy'  +  x'y,m)  is  a  factor  of  m. 

It  should  also  be  observed  that  in  finding,  by  this  method  of 
trial,  all  the  solutions  of  ax2  +  2bxy  +  cy2  =  m,  derived  as  well  as 
primitive  solutions  are  included.  Every  derived  representation 
gives  a  square  factor  of  m ;  and  moreover,  if  (a,  6,  c)  is  a  form  by 
which  m  may  be  primitively  represented,  and  if  B2  is  any  square 
factor  of  m,  the  genus  to  which  (a,  b,  c)  belongs  will  certainly 
contain  a  form  by  which  m/B2  can  be  primitively  represented,  or,  in 
other  words,  which  will  give  a  derived  representation  of  m.  There- 
fore by  applying  Gauss's  method  to  all  the  representative  forms  of 
the  genus,  we  are  able  to  detect  all  the  square  divisors  of  m,  and 
the  factorisation  of  m  is  completely  effected. 

Gauss  has  given  an  auxiliary  table  (Werke,  ii.  pp.  507 — 9)  to 
facilitate  the  solution  of  ax2  +  by2  =  m ;  and  in  the  Disquisitiones 
(I.  c.)  will  be  found  some  practical  rules  for  still  further  shortening 
the  work. 

Tables  of  definite  forms,  suitable  for  the  factorising  of  large 
numbers,  are  given  by  Seelhoff  (Amer.  Journ.  vii.  p.  264,  and  viii. 
p.  26).  In  another  paper  {ibid.  viii.  p.  89),  Seelhoff  has  explained 
a  method  of  reducing  a  given  number  m  to  the  form  x2  ±  Dy2,  which 
is  substantially  as  follows. 

Let  a  be  the  greatest  integer  in  *Jm,  and  put 

m  =  a2  +  b. 

Find  an  odd  prime  p  of  which  mis  a  quadratic  residue :  then 
m  is  also  a  quadratic  residue  of  p2,  and  the  solution  of 

x2  ='m  (mod  p2), 

will  be  of  the  form  x  b  ±  f  (mod  p2). 

More  generally,  if  m  is  a  quadratic  residue  of  the  different  odd 
primes  p,  q,  r,  etc.,  and  if  P  involves  no  other  prime  factors  but 
these,  it  will  be  possible  to  solve  the  congruence 

^  =  77i  (mod  P2), 

and  if  x  =  P2?/  +  f 

is  any  solution  of  it,     m  —  x2=0  (mod  P2), 

and  therefore  m  =  x2  ±  nP* 
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where  n  is  some  integer.  It  will  generally  be  most  convenient  to 
choose  x  so  that  m  —  x2  may  be  as  small  as  possible,  in  order  that 
n  may  be  comparatively  small.  In  other  words,  y  must  be  taken 
so  that  the  numerical  value  of  P*y  +  f  is  as  near  as  possible  to  a. 

So  long  as  P2  <  2a,  it  will  be  possible  to  make  x  less  than  a, 
and  the  corresponding  representation 


is  one  to  which  Gauss's  method  may  be  applied.  In  every  case  we 
obtain  a  quadratic  residue  of  m,  and  this  may  be  utilised  as  already 
explained. 

Seelhoff's  method  is  especially  valuable  when  m  is  very  large ; 
and  it  should  be  observed  that  it  may  be  applied  to  multiples  of  m 
as  well  as  to  m  itself. 

216.  Tche'bicheff  has  shewn  (Liouville  (1),  xvi.  p.  257)  that  if 
a  number  m  can  be  represented  by  an  indefinite  form  ±  (x2  —  Dy2), 
the  determination  of  the  factors  of  m  may  be  effected  by  con- 
sidering all  the  representations  in  which  the  variables  x,  y  are 
restricted  within  certain  limits. 

Suppose  that  f 2  —  Drf  =  m 

is  any  representation  of  m  by  the  form  (1,  0,  —  D),  and  that  f,  rj  are 


taken  to  be  positive. 

Then  if  (T,  U)  is  the  fundamental  solution  of  T2  -  DU*  =  1, 
we  obtain  another  representation 


Now    T%-DUv  =  V(l  +  DU2)  {m  +  Drf)  -DUv>0  ; 
so  that  to  make  f  positive  we  must  take  the  upper  sign  in  the 
ambiguity. 

The  condition  that  f  may  be  less  than  f  gives 


m  =  x2+  nP2 


by  putting 


?=±(TZ-DUV) 


and  therefore 


leading  to 


DU<n>(T-l)Z, 
DU2{Z2-m)>(T-\)2?) 
2(T-1)  f2>mDt/2 


>m(T8-l); 


and  hence 


lve 
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Conversely,  if  this  condition  is  satisfied,  g '  —  T^  —  DUt]  will  be 
positive  and  less  than  f ;  so  that  if  the  equation  x2  —  By1  -  m  is 
capable  of  solution  there  will  be  a  suitable  value  of  x  which  is 

positive  and  less  thany/2535™.  The  corresponding  value  of 
y  will  be  less  than  that  given  by 

Dtf-  2  m   2~' 

that  is,  it  will  be  less  than  ' 

In  the  same  way,  if  the  equation 

x2  - By2  =  -m 
admits  of  solution,  then  by  writing  it  in  the  form 

(DyY-Dx2  =  mD, 
we  see  as  before  that  there  will  be  a  value  of  x  which  is  positive 

and  less  than      —  ^m ,  and  that  the  corresponding  posit 

value  of  y  is  less  than  ' 

Suppose,  now,  that  there  are  two  representations 

x-f  —  Dyf  =  m,     x22  —  By22  =  m, 

such  that   

/(T+l)m       A  KT- 1)  m 

/(T+l)m        A  KT-  l)m 

then  (o?^  +  i>3/i2/2)2  -  B  {x^y2  +  a?^)2  =  m2, 

and  if  we  suppose  that  (##a  +  a?^,)  is  a  multiple  of  m  we  have 

lx1x2  +  By1y2\*  _  D  (Xiyt  +  ocfliY  =  1 
\      m      }        \     m  ) 
and  therefore  (x^  +  By^/m  is  an  integer. 

(T+l)m  (T-l)m 
But  x,x2  +  2ty#a  <  i  +  v  

<mT; 

hence  if  we  put 

x^2±By^2_       ayh  +  a^h^^ 
m  m 
we  have  t%  —  Du?  —  1,  with  t  <  Ty  and  u  not  zero ;  but  this  is  im- 
possible, therefore  xxy2  +  x2yx  cannot  be  a  multiple  of  m. 
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In  the  same  way  it  may  be  inferred  from 

(xxx%  -  DywY  -  D  (ay*  -  WO2  =  ™2> 
that  {x,y2  —  #22/1)  cannot  be  a  multiple  of  ra. 
But 


therefore  ra  must  be  composite,  and  cfo  (##2  +  0^,  ra)  gives  a  factor 
of  ra. 

The  same  reasoning  applies  when  there  are  two  different  solu- 
tions of  ^  —  Dy2  =  —  ra.  The  investigation  may  be  summed  up  as 
follows : — 

If  the  equation  x2  —  Dy2  =  ±m  admits  of  two  distinct  positive 
solutions       yx)  (x2,  y2)  such  that 


the  number  m  is  certainly  composite,  and  dv  {x<y2  +  x2yx ,  ra)  will  be  a 
factor  of  m. 

In  the  memoir  above  quoted,  Tch^bicheff  has  given  a  list  of 
quadratic  forms  ±(x*  —  Dy2)  with  the  linear  forms  of  m  which  are 
appropriate  to  each.  When  a  suitable  form  has  been  found,  the 
representations  of  m  within  the  prescribed  limits  may  be  discovered 
by  a  tentative  method,  such  as  that  of  exclusion. 

In  spite  of  all  that  has  been  done  hitherto,  the  determination 
of  the  factors  of  a  very  large  number  is  extremely  laborious.  It  is 
possible  that  the  development  of  the  theory  of  arithmetical  forms 
of  higher  degrees  may  throw  some  additional  light  upon  the 
subject. 

On  the  general  indeterminate  equation  of  the  second  degree,  the  reader 
may  consult : 

Euler:  Resolutio  cequationu  Axfi  +  2Bxy+Cy2  +  2Dx+2Ey  +  F=0  per 
numeros  tarn  rationales  quam  integros  (Nov.  Comm.  Petrop.  xviii.  (1773), 
p.  185,  or  Comm.  Arith.  i.  p.  549),  with  the  supplementary  paper  De  resolution* 
irrationalium  per  fractiones  continvas,  etc.  (ibid.  p.  218,  or  Comm.  Arith.  i. 
p.  570). 


=  (ra  +  Dy,2)  y,2 -(m  +  Dy2) y2 

=  W-yi2)m 

=  0  (mod  ra), 
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Lagrange  :  Sur  la  Solution  des  ProbUmes  Inde'termine's  du  second  degr4 
(Hist,  de  l'Acad.  de  Berlin  for  1767,  vol.  xxiii.  p.  165),  and  Nouvelle  Me'thode 
pour  resoudre  les  ProbUmes  Inde'termine's  en  nombres  entiers  (ibid.  vol.  xxiv. 
p.  181). 

On  the  earlier  researches  on  the  discovery  of  prime  factors,  see  Fermat's 
correspondence  with  Mersenne  and  others  :  also  the  following  papers  by 
Euler  :— 

Quomodo  numeri  prcemagni  sint  explorandi,  utrum  sint  primi,  necne  (Nov. 
Comm.  Petr.  xiii.  (1768),  p.  67,  or  Comm.  Arith.  i.  p.  379). 

De  formulis  speciei  mxx  +  nyy  ad  numeros  primos  explorandos  idoneis, 
earumque  mirabilibus  proprietatibus  (Nov.  Acta  Petrop.  xii.  p.  22,  or  Comm. 
Arith.  ii.  p.  249). 

Extrait  d'une  lettre  d  M.  Beguelin  (Nouv.  Mem.  de  l'Acad.  de  Berlin,  1776, 
p.  33?,  or  Comm.  Arith.  ii.  p.  270). 

Many  other  of  Euler's  memoirs  relate  more  or  less  to  the  same  subject : 
see  the  analytical  index  prefixed  to  the  Commentaries. 


CHAPTER  X. 


The  Distribution  of  Primes. 

217.  The  reader  will  have  observed  that,  in  connexion  with 
the  theories  of  congruences  and  arithmeticarforms,  prime  numbers, 
speaking  generally,  present  themselves  rather  as  data  than  as 
quwsita;  so  that,  from  this  point  of  view,  the  arithmetician  regards 
a  table  of  primes  principally  as  a  record  of  experimental  facts, 
which  he  can  use  for  the  purpose  of  numerical  applications,  or  in 
order  to  discover  by  induction,  if  possible,  new  arithmetical 
theorems.  But  the  law  of  the  succession  of  prime  numbers  has 
itself  been  the  object  of  repeated  investigation,  and  has  led  to 
researches  of  great  interest  and  novelty  ;  it  seems  right,  therefore, 
to  give  some  account  of  what  has  been  done  in  this  direction, 
although,  from  the  nature  of  the  case,  the  present  chapter  must 
appear  out  of  harmony  with  its  surroundings. 

The  tabulation  of  primes  is  effected  by  a  merely  mechanical 
process,  which  is  equivalent  to  that  of  writing  down  the  series  of 
natural  numbers  in  order,  and  successively  erasing  the  multiples 
of  2,  of  3,  of  5,  etc.  after  which  the  numbers  which  remain  are 
obviously  primes.  For  an  account  of  the  actual  method  by  which 
this  'sifting'  is  carried  out,  the  reader  may  consult  a  paper  by 
J.  W.  L.  Glaisher  in  the  Report  of  the  British  Association  for  1878 
(p.  173) ;  the  introductions,  by  J.  Glaisher,  to  the  factor- tables 
for  the  4th,  5th,  and  6th  millions,  contain  additional  information 
bearing  upon  the  subject,  and  a  valuable  bibliography. 

A  question  of  greater  theoretical  interest  is  that  of  determin- 
ing, without  previous  tabulation,  the  number  of  primes  which  do 
not  exceed  a  given  limit;  and  this,  again  breaks  up  into  two 


THE  DISTRIBUTION  OF  PRIMES. 


273 


problems  which  are  practically  distinct.  The  first  is  that  of 
actually  calculating  the  number  of  primes  which  do  not  exceed 
a  certain  assigned  integer,  say  10,000  or  1,000,000  ;  the  other  is 
that  of  discovering  an  analytical  formula  which  shall  exactly  or 
asymptotically  represent  the  number  of  primes  which  do  not 
exceed  an  indefinite  integer  n.  The  distinction  is  much  the 
same  as  that  between  the  numerical  and  the  algebraical  solution 
of  equations;  as  might  be  expected,  the  problem  first  stated  is 
the  easier,  and  will  therefore  be  discussed  in  the  first  place. 


218.  The  method  which  has  been  adopted  by  Meissel,  and  in 
some  respects  generalized  by  Rogel,  depends  upon  a  simple  ob- 
servation, which  is  apparently  due  to  Legendre ;  namely,  that  if 
Pi,p2,...pr  denote  different  primes,  and  if  m  is  any  integer,  then 
the  number  of  integers  contained  in  the  series  1,  2,  3...m  which 
are  not  divisible  by  any  of  the  primes  is 

+  rj^i+r_™i+rjzLi+... 

LwJ    LPiPz]  LPtf*} 

r  m  "1   r  m  "I   r  m 

—J  means  the  integral  part  of  — ,  and  similarly  for  the 
rest.    For  convenience,  this  may  be  written 

on  the  understanding  that  the  product  is  to  be  expanded  and  then 
the  integral  part  of  each  term  taken. 

To  prove  this,  it  is  sufficient  to  observe  that  if  n  is  any  integer, 

jj^j  is  the  number  of  integers  less  than  m  which  are  multiples  of 

n ;  and  that  if  an  integer  k,  which  is  less  than  m,  is  divisible  by 
exactly  \  different  primes  out  of  the  set  pu  p2...pr,  it  has  to  be 
reckoned  as  a  multiple  of  each  of  these  primes,  and  of  each  of 
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their  products  2,  3...X  at  a  time:  so  that  corresponding  to  it  we 
have  in  the  expression 

-*f  — 1+  

LPiPU 

a  contribution 

\-£\(\-l)  +  I\(\-l)(\-2)-...  =  l. 

It  follows  from  this  that  the  sum  above  written  is  equal  to  the 
number  of  integers  less  than  m  which  are  divisible  by  one  at  least 
of  the  selected  primes;  subtracting  this  from  m,  the  remainder 
expresses  the  number  of  integers  in  the  series  1,  2,...m  which  are 
not  divisible  by  any  of  the  primes.    (Compare  Art.  7). 

For  example,  the  number  of  integers  not  greater  than  50 
which  are  prime  to  2,  3,  5,  7  is 

50-25-16-10-7  +  8  +  5  +  3  +  3  +  2  +  1 
-1-1-0-0  +  0  =  12; 

they  are,  in  fact, 

1, 11, 13,  17,  19,  23,  29,  31,  37,  41,  43,  47. 

It  will  be  sometimes  convenient  to  write 

</>(m;  pltp9,...pr), 

for  the  number  of  integers,  including  unity,  which  do  not  exceed 
m,  and  are  not  divisible  by  any  of  the  primes^,  p2,...pr.  With 
this  notation,  we  have 

<f>  (m ;  plt  Pi-.^r)  =  [m]  II  (l  -   (1). 

1    \  Pit 

It  should  be  observed  that  when  pup2...pr  are  the  different 
prime  factors  of  m,  this  expression  coincides  with  <p  (m)  as  defined 
in  Art.  7 ;  and  also  that  the  value  of  the  expression  is  not  altered 
by  adding  to  the  series  of  selected  primes  any  number  of  primes 
which  exceed  m,  because  these  additional  primes  only  contribute 
zero  terms  to  the  sum  which  has  to  be  calculated. 

It  will  now  be  supposed  that  plt  p2,  p^  etc.  denote  the 
successive  primes  in  their  natural  order,  so  that 

Pi  =  2,   p2  =  3,   p3  =  5, 

and  so  on.  Instead  of  <j>(m  \  PuP^-^Pr)  we  shall  write  <I>(m,  r), 
and  we  shall  use  F{x)  to  denote  the  number  of  primes  which  do 
not  exceed  x.    (Observe  that  x  need  not  be  an  integer.) 
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It  follows  at  once  from  the  definitions  that 

3>(m,  F(m))  =  l  (2), 

because  every  number,  not  greater  than  m,  except  unity,  is 
divisible  by  one  at  least  of  the  primes  pu  p2i...pF{my 

More  generally,  if  n  is  any  positive  integer, 

3>(m,  F(m)  +  n)  =  l  (3). 

Let  pa+1  be  the  first  prime  which  exceeds  \Jm,  or  which  is  the 
same  thing,  let  a  =  F  (\fm);  then  since  the  only  numbers  in  the 
series  1,  2,...ra  which  are  not  divisible  by  any  of  the  primes 
P\>Pi-"Pa  are  unity  and  those  primes  which  exceed  *Jm  but  not 
rn,  and  the  number  of  these  primes  is  F  (m)  —  F  (>Jm),  that  is, 
F(m)  —  a,  we  have 

F  (m)  -  a  +  1  =  <£  (m,  a)  (4). 

It  is  easily  seen  that  this  relation  continues  to  hold  good, 
provided  that  a  is  an  integer  satisfying  the  conditions 

F(m)^amFtym)  (5); 

the  argument  is,  in  fact,  the  same  as  before. 

For  example,  if  m  =  50,  F{\/m)  =  F(7)  =  4,  and 
<t>  (m,  F  (Vw))  =  3>  (50,  4)  =  12 : 
hence  F(50)  =  12  +  3  =  15. 

Thus,  in  general,  the  tabulation  of  primes  up  to  pa  enables  us 
to  calculate  the  value  of  F(m).  The  calculation  of  3>(ra,  F{*Jm)) 
is,  however,  impracticable  when  rrir  is  very  large ;  it  is  therefore 
necessary  to  make  use  of  a  few  transformations  to  obtain  a 
manageable  formula. 

We  observe,  in  the  first  place,  that  if  x,  y  are  positive  and 
f  >1. 

from  which,  and  the  identity 

i«>?(--i)-M7K)-[s]?(>-l). 

it  follows  that 

3>(m,  n)  =  3>(m,  w -  1) - <D  (jj^J  ,  n -  l)   (6). 

Put  n  =  a  =  F(*Jm) :  then  by  (4)  and  (6) 

F(m)  =  a-  l  +  3>(m,  a  - !)-<!>  ,  a-l). 


276  THE  DISTRIBUTION  OF  PRIMES. 

Let  a!  =  F  {f^~)  \  then,  in  general, 
\pj 

and  consequently  another  application  of  (4)  gives 

F(m)  =  a-l  +  ®(m,  a-1)  -  F  [yj  +  a  -  2 

=  (a-l)  +  (a-2)-F  (^j  +  <J>  (m,  a  -  1 ). 
Provided  that 

this  may  be  again  transformed  in  the  same  way  into 

+     (m,  a  -  2), 
and  so  on,  until  at  last  we  obtain 

F(m)  =  (a-l)  +  (a-2)  +  ...  +(a-i>-l) 

+  <I>  (m,  a  -  v) 


(7), 


with  the  conditions 


Xpa-v+J  \y  pa- 

while  the  inequalities 

are  not  satisfied. 

Now  since  pa_v  <  pa-v+\  we  have 

\pa-J  \pa-v+J 


so  that  if 

W 

■  Pa-v+i 


F[  — ]ia-P) 


it  follows  a  fortiori  that 
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Consequently  the  only  way  in  which  the  process  of  transformation 
can  be  stopped  is  when 


Pa—v+i 

while  a  —  v  -  1  < 

Suppose  now  that  v  is  determined  by  the  conditions 

then  a/    m  <pa-v+1, 

V  pa—v+x 

and  consequently 

FiJ  —^-)<F(Pa-v+i)<a-v  +  l, 

\  v  Pa-v+u 

^a  —  v, 

while,  since  a  /  >pa-v, 

»  Pa—v 


>  a  —  ^  —  1. 

Thus  the  conditions  of  inequality  cease  to  hold  good  when 

or  v  =  F(^m)-F(^/m); 

and  it  is  easily  seen  that  they  do  not  break  down  before,  because 
whenever 


it  follows  a  fortiori  that 

VV  pa-v+J 

If,  then,  we  put  F(tyri)  =  b,  and  suppose  that  in  (7)  v  has  its 
critical  value  (a  ~  b),  we  obtain  finally 

F  (m)  =  i  (a  -  b  +  1)  (a  +  b  -  2)  +  <t>  (m,  b) 


a 

s 

6+1 


[a  =  JP(Vm)>    fe  =  i^(^/m)]. 


278 


THE  DISTRIBUTION  OF  PRIMES. 


As  an  illustration  of  this  result,  suppose  m  =  50 ;  then 
a  =  4,    6  =  2, 

and  the  formula  gives 

JP(50)  =  i.3.4  +  <D(50,  2) 
-{F(10)  +  F(7)} 
=  6  +  17-(4  +  4)  =  15, 

which  is  right. 

In  applying  the  formula  to  a  large  number  m,  <I>  (m,  b)  is 
calculated  by  the  repeated  application  of  equation  (6).  For  the 
details  of  the  actual  computation,  the  reader  is  referred  to 
Meissel's  papers;  the  following  table  gives  his  results: 


n 

Fin) 

20000 

2262 

100000 

9592 

200000 

17984 

300000 

25997 

400000 

33860 

500000 

41538 

600000 

49098 

700000 

56543 

800000 

63951 

900000 

71274 

1000000 

78498 

10000000 

664579 

100000000 

5761460 

219.  In  a  memoir  presented  in  1850  to  the  Academy  of 
St  Petersburgh,  Tchebicheff  determined,  in  an  explicit  analytical 
form,  a  superior  and  an  inferior  limit  to  the  number  of  primes 
between  the  limits  a  and  both  of  which  are  assumed  to  be 
greater  than  1.  Before  we  give  an  account  of  Tchebicheff's 
investigation,  it  may  be  as  well  to  trace  the  connexion  of  ideas  by 
which  it  was  probably  suggested. 

Let  y8  >  a  >  1,  and  let  /jl  be  the  number  of  primes  which  exceed 
a  but  do  not  exceed  /3;  also  let  0  (x)  denote  the  sum  of  the 
logarithms  of  all  the  primes  which  do  not  exceed  x.  Then 

6(0) -6(a) 
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is  the  sum  of  the  logarithms  of  all  the  primes  p  which  satisfy  the 
conditions 

a  <  p  ^  (3, 

and  since  the  least  of  these  primes  exceeds  a,  while  the  greatest 
does  not  exceed  /3,  it  is  clear  that 

filoga<d(l3)-0(«)<n  log  ft 

and  therefore 

*Q8)-fl(«)  *(£)-*(«) 

log£        ^         log  a 

The  problem  is  therefore  reduced  to  the  determination  of  a 
superior  and  an  inferior  limit  of  6{x)\  and  this  is  ultimately 
made  to  depend  upon  Stirling's  asymptotic  value  of  Tlx  or 
r(*+l). 

220.    Besides  the  function  6{x)  which   has  been  already 
denned,  Tche'bicheff  considers  the  function  T(x),  which  denotes 
the  sum  of  the  logarithms  of  all  the  integers  (prime  and  com- 
posite) which  do  not  exceed  x.    If  we  write,  for  convenience, 
i  i 

6  (^j    instead  of  0         j  >  tne  following  relation  will  hold 

good : — 

T(x)  =  d(x)  +${xf  +0(xf+B{xf  +... 


-2  «(*)'• 

m,  i  W 

in  which  all  the  terms  are  to  be  retained  which  do  not  vanish. 

To  prove  this,  consider  any  prime  p ;  its  logarithm  will  occur 

i 

once,  or  not  at  all,  in  the  sum  represented  by  6  ^— ^  according  as 

i  i 

/xV  /xV 

that  is,  according  as  x  is  or  is  not  less  than  mp\    Hence  the 
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number  of  times  log p  will  occur  in  the  ith  column  of  the  above- 
written  double  sum  is  >  and  the  total  number  of  times  log  p 
will  appear  in  the  double  sum  is 

where,  as  usual,  j^J  is  the  integral  part  of  ^ ,  and  the  series  is  to 

be  continued  until  the  terms  vanish. 

But  this  is  precisely  the  power  in  which  p  occurs  in  the 
product  of  all  the  integers  which  do  not  exceed  x.  In  fact  this 
product  is  [x]  ! ,  and  the  highest  power  of  p  which  occurs  in  this  is 

now,  since  p  >  1,  I  W]  =  \— 1  ,  and  therefore  the  two  sums  last 
LP  J  L^J 

written  have  the  same  value. 

Since  p  was  any  prime  whatever,  the  proposition  follows,  and 
we  have 

i 


r(^)  =  iogn[^]=  2  e 


i) 


It  is  convenient  to  write 

f{x)  =  6  (x)  +  6  {xf  +  0  {xf  +  ... 

i 

and  with  this  notation,  we  have 

221.  We  now  come  to  the  application  of  Stirling's  theorem. 
By  an  analysis,  which  need  not  be  reproduced  here,  Serret  has 
proved  (Alg.  Super.  2nd  ed.  p.  212,  or  Todhunter  Int.  Gale.  Chap. 
16) that 

log  Tlx  >  I  log  2tt  -  x  +  (x  +     log  x 
and  log  n#<  £  log2?r +     +  log 
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In  the  first  of  these  inequalities  change  x  into  (x  + 1),  and 
subtract  log  (#  +  1)  from  both  sides  ;  thus 

log  ILoJlog  27r-(>  +  l)  +  (tf+i)log(ir  +  l) 

>  \  log  2tt  +  (0  +  1)  (log  (x  +  1)  -  1]  -  i  log  (x  +  1). 

Now  it  will  be  found  that  the  expression 

y  (logy  -1)-  \  logy, 

increases  with  y,  if  y  >  2 ;  and  hence,  observing  that  [#]  +  1  >  x, 
we  find  that,  supposing  x  >  1, 

T  (#)  =  log  Tl  [x]  >  \  log  2-7T  +  x  (log  #  -  1)  -  \  log  x. 

Moreover  from  the  second  inequality,  since  1  <  [x]  <  x,  and 
(V  +  h)  l°g  V  ~  V  increases  with  y,  if  y  >  1,  we  infer  that 
I7^)  <  J  log  2tt  -  0  +  (0  +  i)  log  0  +  ^ 

<  J  log  2tt  4-  x  (log  0  -  1)  +  J  log  0  +  • 
Consider,  now,  the  expression 

I,<-)+arft)-*©-J,ffl-r(8 

+  +  (|) + + (00) + + (00) + + (no) +  •  •  ■ 

-t®-f(o)^(a-3)^(o)-- 

-^S)-tfe)-t(3-5)-t(o)-. 

This  may  evidently  be  reduced  to  the  form 

0  =  1,2,3...], 

and  it  is  easily  proved  that 

=  1,  if  n  is  prime  to  2,  3  and  5, 

=  0,  if  n  is  divisible  by  one  only  of  the  factors  2,  3,  5, 
An  =  —  1  in  all  other  cases. 
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For  in  the  first  case,  ifr  l—j  occurs  in  the  top  line  only,  and 


with  a  coefficient  +  1 ;  in  the  second  case,  it  occurs  in  the  top  line 
with  a  coefficient  4-  1,  and  in  one  and  only  one  of  the  other  lines 
with  a  coefficient  —  1.    If  n  is  divisible,  say,  by  2  and  3,  but  not 


by  5,  i|r  l-j  will  appear  in  the  first,  third  and  fourth  rows  with 


coefficients  +1,  —  1,  —  1  respectively,  so  that  on  the  whole  the 
coefficient  is  —  1,  and  so  in  the  other  similar  cases ;  while  if  n  is 


divisible  by  2,  3  and  5,  yfr  (—  J  occurs  in  each  row  with  a  coefficient 


+  1,  +1,  — 1,  — 1,  — 1  respectively,  and  therefore  An  =  —  1  as 


Adopting  Sylvester's  convenient  notation,  the  first  thirty 
coefficients  may  be  represented  by  the  scheme 

looooiiooi  liioioiiii  ooiiooooii 

where  1  is  printed  for  —  1. 

Written  out  in  full,  the  first  part  of  the  expression  is 


It  is  to  be  observed  that  if  m  =  n  (mod  30),  Am  =  An\  and 
that  the  coefficients  which  do  not  vanish  are  alternately  +  1  and 
-1. 

When  the  variable  t  diminishes,  the  function  sjr  (t)  never 
increases,  but  decreases  down  to  zero  by  a  series  of  abrupt 
curtailments ;  hence  the  value  of  the  expression  on  the  right- 
hand  side  of  the  identity  above  written  cannot  exceed  yjr(x)  or 


before. 


fall  short  of  yjr  (x)  —  yjr  f  ^  J ;  therefore 


+W-+g)*2'W+rg)-rg)-r(J-rg)atw 


It  has  already  been  proved  that 

T  (x)  >  \  log  27r  +  x  log  x  —  x  —  \  log  X, 

T  (x)  <  \  log  2-7T  +  x  log  x  -  x  +  i  log  z  +  ^  ; 
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hence 

T{x)  +  T        >  log  2tt  +  U  *  H  x  -  ^  log  30  -  fj  x 

-  log  x  +  \  log  30, 

7T(^)  +  r^<log27r  +  ^^log^-^log30-|i^ 

+  log^-ilog  30 +  i, 

T  (I) + T  8) + T  (8 >  f  log  2?r + u  x  log  • 

-x{i  log2  +  Jlog3  +  ilog5)-fio;-f  log^  +  ilog30, 
T  g)  +  T  (|)  +  ^  g)  <  |  log  2tt  +  ft  « log  * 

-a;{ilog2  +  ^log3+ilog5j-M^  +  llog^-ilog30  +  i- 
From  the  first  and  last  of  these  four  inequalities 

>^{ilog2+ilog3  +  ilog5  -^log30) 

450  , 
-f  log#  +  £log  —  -  J, 

and  from  the  other  two, 

^)^S)-r©-2'®-^) 

<  « (J  log  2  +  i  log  3  +  J  log  5  -  ^  log  30) 
+  f  log  a>  -  £  log  1800tt  4-  J. 

We  shall  write  J.  for 

£  log  2  +  J  log  3  +  J  log  5  -  3L  log  30  =  -92129202. . ., 

then  it  is  clear  that  it  follows  a  fortiori  from  the  above  in- 
equalities that 

A*  +  ilogx>T(x)  +  T^)-T(*)-T(l)-T(f) 

>  Ax  —  I  logo;  —  1. 

Strictly  speaking,  these  results  are  only  proved  for  values  of  x 
which  exceed  30 ;  but  it  is  easily  verified  that  the  two  last  in- 
equalities hold  when  x  lies  between  1  and  30 ;  therefore  they  are 
true  for  all  values  of  x  which  exceed  1. 
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222.  By  combining  these  formulae  with  those  previously 
obtained  (p.  282)  we  infer  that 

sjr  (x)  >  Ax  —  f  log  x  —  1 


yjr  (x)  -  yfr       <  Ax  +  f  log  x. 


The  first  of  these  inequalities  gives  an  inferior  limit  for  i/r  (x) ; 
to  deduce  from  the  other  a  superior  limit,  we  put 

f(x)  =  |  Ax  +  (log a;)2  + f  log  x ; 

then  we  have 


or 


+  «-  +  (£)</(«>-/(£), 

+(•)-/«<+ (|)-/(| 


where  «  is  any  positive  integer. 

Now  choose  w  so  that  a?  lies  between  6n_1  and  6n ;  then 

and  it  can  be  proved  that 

in  fact,  we  have  identically 

-/W=%6-¥46(log^ilog6)2-|^ 

5  log  6        .  ... 

<  — — ,  it  z  is  positive, 

<  1  a  fortiori. 

Hence  it  follows  that 

f  (x) -/(*)<  1, 

that  is, 

5 

f  (a?)  <  |  Ax  +  (log  xf  +  J  log  x  +  1  ; 

and  a  superior  limit  of  -»|r  (x)  has  therefore  been  found. 
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223.  It  is  now  possible  to  assign  limits  to  the  value  of  6  (x). 
By  definition, 

y\r(x)  =  6  (x)  +  6  (xf  +  6  (xf  +  ... 

and  therefore 

f  (w)  -  f  (xh)  =  d(x)  +  e  (xf  +  e  (xf  + ... 

^0(x), 

and 

yjr  (x)  -  2f  (xh)  =  6(x)-{6  {xf  -  6  (xf]  -  [6  (xf  -  0  (xf }-... 
^0(x). 

As  already  proved, 

yfr  (x)  >  Ax  —  §  log  X  —  1, 

+  (**)  <%Ax*  +  (log  xf  +  %\ogx+l; 

hence 

f  (x)  -  2yjr  (xh)  >  Ax  -     Ax*  -  (log  xf  -  If.  log  x  -  3, 

and  comparing  this  with 

e(x)^f(x)-%f(x\ 

we  have 

d(x)>Ax-i£Ax*- (log  xf  -  if  log  x  -  3. 
In  a  similar  way  it  will  be  found  that 

0(x)<%Ax  -  Ax*  +  ~q  (logxf  +  f  log  *  +  2. 

For  convenience  let  these  last  inequalities  be  written 
6(x)><f>1(x))  d(x)<fa(x)) 
then  if  a,  /3  are  two  positive  integers  such  that  1  <  a  <  ft, 

0  (#-*(«)  >*(/?)-*,(«), 

0  (0)  -  6  (a)  <<j>*(0) 

It  has  been  remarked  at  the  beginning  of  the  investigation 
that  if  fx  is  the  number  of  primes  between  a  and  /3 

-0(a) 


log/3 

0Q8)-0(tt) 
log  a 
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consequently 

<M/3)-<M«) 
<M£)-<M«) 

log  a 

By  putting  a  =  2,  we  obtain  superior  and  inferior  limits  for 
F({3);  but  in  order  to  secure  a  practical  approximation,  it  is  best 
to  suppose  that  a  and  /3  are  both  large.  The  expressions  for  the 
limits  of  fi  are  very  complicated  ;  the  essential  point  is  that  </>j 
and  <f>2  (£)  are  of  the  form  P@  -  Qfl  +  R  (log  £),  where  P,  Q  are 
constants,  and  R  (log  x)  is  a  quadratic  function  of  log  x  with 
numerical  coefficients. 

There  will  be  more  than  k  primes  between  a  and  /3  if 
A:  log  0<4h  (£)-&(«)• 

Now 

«,(£)-*(«) 

=  4(/9-|a)-Jl(^/9i-aJ) 

_  8loi6  f(l0g  ^  +  2  °°g a)2)  -  *  (3  l0g  *  +  2  log  0)  _  5 
>  4  (0  - 1 a)  -     J/S»  -  -j-jL  (log /3)»  - y  log  /?  -  5, 
since,  by  hypothesis,  /?  >  a. 

A  fortiori,  therefore,  /a  will  exceed  Jc,  if 
fclog£<^08-fa)-J^/8» 

-8Toi6(logW-^'0g^-5' 

-^(¥  +  ^)log/3-g. 

In  particular,  putting  &  =  0,  there  will  be  at  least  one  prime 
between  a  and  /3  if 

■<«'-*n^ 

224.  Tche'bicheff  employs  this  result  to  prove  a  theorem  the 
truth  of  which  was  conjectured  by  Bertrand  (Journ.  de  V£cole 
Polyt.  cah.  30);  namely  that  there  is  always  at  least  one  prime 
between  a  and  2a  —  2  if  a  >  J. 
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In  the  inequality  at  the  end  of  last  article,  put  /3  =  2x—3; 
then  it  becomes 

« <  f  (2a - 3)  -  2  ^2^3  -  ^\og  6  C°8 (2»  ~  3)1* 

125  .  „.  25 

Since,  when  a?  becomes  indefinitely  large,  (log  #)2/#  ultimately 
vanishes,  it  is  easily  seen  that  this  inequality  holds  good  for  all 
values  of  a  which  exceed  a  certain  finite  value.  This  limiting 
value  is  found  by  changing  the  inequality  into  an  equation  and 
finding  its  greatest  positive  root.  According  to  Tchebicheff,  this 
lies  between  159  and  160;  Bertrand's  postulate  is  therefore  proved 
for  all  values  of  a  which  exceed  159,  and  it  is  easily  verified  for 
all  smaller  integral  values  except  1,  2  and  3  by  actual  experiment. 

225.  The  crucial  point  of  the  investigation  is  where  the 
inferior  and  superior  limits  of  yfr(x)  are  deduced  from  the  ex- 
pression 

for  convenience  this  may  be  denoted,  after  Sylvester,  by 
[1,  30;  2,  3,  5], 

and,  in  general, 
may  be  written  for 


[a,,  a2,...am;  6n  b2,...bn], 


The  advantage  derived  from  the  use  of  the  combination 
[1,  30 ;  2,  3,  5] 

is  twofold ;  in  the  first  place,  when  the  expression  is  written  in  the 
form 

the  coefficients  which  do  not  vanish  are  alternately  -f  1  and  — 1, 
and  this  leads  to  the  determination  of  a  superior  and  an  inferior 
limit  of  yfr  (x) ;  and  in  the  second  place,  on  account  of  the  relation 

the  term  oclogx,  which  occurs  in  the  limiting  expressions  for 
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T{x),  etc.,  is  eliminated.  The  expressions  for  the  limiting  values 
of  [1,  30;  2,  3,  5]  or  tAny\r       consequently  assume  the  forms 

Ax-\-Rl  (log  x), 
and  Ax  +  R2(\ogx), 

where,  as  above, 

^  =  J  log  2  +  k  log  3  +  J  log  5  -  A  log  30, 
and      (log  a;),  JS2  (log#)  are  rational  linear  functions  of  log  a;. 

It  is  evident  that  similar  results  may  be  obtained  from  the 
expression  [a^,  a2)...am;  bub2,...bn]  provided  that 

ml         n  1 

1  «i       1  Oi 

in  fact,  it  will  be  found  that 

Oi,  a2,...am;  6a,  62,...6J         -7~^\ogx  +  B 


<  4#  +  — ^—  log  x  +  5', 


where  ^1  =  2      log      -  2  ^  log  ^ 

and  B,  B'  are  certain  numerical  constants,  which  may,  if  we  think 
fit,  be  replaced  by  positive  or  negative  integers,  appropriately 
chosen. 

The  function  [a1}  a2,...am;  bx>  62,... bn],  or  [a;  b]  say,  maybe 
expanded  in  the  form 


[r  =  l,  2,  3,...], 


where  the  coefficient  Cr  will  depend  upon  the  relation  of  r  to  the 
as  and  the  o's ;  in  fact,  if  r  is  divisible  by  p  of  the  as  and  by  q  of 
the  b's,  Cr=p  —  q.  Hence  if  fi  is  the  least  common  multiple  of 
Oi,  02,...a„i,  b2,...bn  it  follows  that  (7g=  Cr  when  s  =  r  (mod  /x). 
Consequently  the  coefficients  form  a  recurring  series  with  yu,  terms 
(or  fewer)  in  its  period.  The  sum  of  the  first  r  coefficients  is 
easily  seen  to  be 

& -[£]-[£]-••- [i\ 
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Call  this  Sr :  then 

a        fl     1  111  1) 

*    ^  («!    a2  am    bx    b2  bn) 

=  0. 

Therefore  in  the  series 

$i,  S2,  

there  will  be  one  term  which  is  negative,  and  numerically  greater 
than  any  of  the  negative  terms  which  precede  it,  while  it  is  not 
numerically  less  than  any  of  the  terms  which  follow  it1.  Let  this 
be  Sjt ;  then  it  is  easy  to  see  that  none  of  the  expressions 

 (Oh+i  +  Ch+2  + . ..  +  Ch+Il), 

can  be  negative.  Remembering  that  yjr  (z)  is  never  negative,  and 
cannot  increase  when  z  diminishes,  we  infer  that 

cannot  be  negative.  In  the  same  way  the  sum  of  the  next  group 
of  fi  terms,  namely 

2  a 

h+n+l 

is  not  negative,  and  so  on.  Therefore 

[a;  ft] -SCfr+  (f)  +  P, 
where  P  is  certainly  not  negative. 
Comparing  this  with  the  inequality 

[a;  b\<Ax-\  ~—  log x  +  n, 


we  conclude  that 

i  Cr<+  (*)  <Ax  +         logx  +  ff  (i). 

In  the  same  way,  if  8k  is  the  first  of  the  sums  $a,  S2,  S3...to 
attain  the  maximum  positive  value,  we  find  that 

[a;  ft]=W(*)-<2, 

where  Q  is  not  negative ;  and  hence  that 

I  Gryfr      >  Am  -         log  m  +  B   (ii). 

1  It  may  exceptionally  happen  that  Sh  =  0:  this  is  the  case,  for  instance,  with 
[1,  30 ;  2,  3,  5]. 
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I 

226.  We  will  now  suppose,  for  simplicity,  that  a2  =  1.  Each 
of  the  inequalities  (i)  and  (ii)  involves  yfr  (x),  and  a  certain  finite 

number  of  terms  Cr^  (^j  besides.    For  these  other  terms  may 

be  substituted  their  inferior  or  superior  limits  as  found  by 
previous  approximations ;  the  inferior  or  superior  limit  being  put 
in  for  each  term  in  such  a  way  as  to  leave  each  inequality  valid. 

For  instance,  if  in  (i)  a  particular  term  Grifr^j  is  positive  we 

must  substitute  for  >/r  (^j  its  inferior  limit,  while  if  Gr  is  negative 

the  superior  limit  of  -\Jr       must  be  inserted.    Exactly  the  oppo- 
site rule  must  be  applied  in  (ii). 

When  this  has  been  done,  the  resulting  inequalities  give  two 
new  superior  and  inferior  limits  for  yjr  (x),  and  these  may  afford 

yjr  (x) 

closer  asymptotic  values  for      —  than  any  previously  obtained. 

x 

When  h  and  k  are  inconveniently  large,  simplicity  is  gained  by 
first  suppressing  on  the  left-hand  side  of  (i)  any  group  of  terms 
(not  including  yjr  (x))  which  is  known  by  previous  approximations 
to  be  ultimately  positive  when  x  is  very  large ;  and  in  the  same 
way  in  (ii)  we  may  suppress  any  group  of  terms  the  value  of 
which  is  known  to  be  ultimately  negative. 

If,  as  we  suppose,  the  first  asymptotic  limits  adopted  are  those 
of  Tchdbicheff,  derived  from  [1,  30 ;  2,  3,  5],  it  is  evident  that  the 
result  of  any  finite1  number  of  applications  of  the  process  just 
explained  will  be  of  the  form 

f  (x)  >Ax  +  Q1  (log  x) 

<A'x  +  Q2  (logx), 
where  A,  A'  are  constants,  and  Q1(\ogx),  Q2(logx)  are  rational 
integral  functions  of  log  x  not  exceeding  the  second  degree. 

Since  log  x  and  (log  xf  are  both  negligible  in  comparison  with 
when  x  is  very  large,  we  may  consider  that  A  and  A'  are 

asymptotic  limits  of  —  — ,  and  the  nearness  of  the  approximation 

x 

may  be  estimated  by  the  approach  of  A '/ A  to  unity.  This  ratio 
A' I  A  is  called  by  Sylvester,  to  whom  this  extension  of  Tch£bi- 

1  We  say  finite,  in  order  to  avoid  the  risk  of  the  coefficients  of  Qx  (log  x)  or 
Q2(logx)  becoming  infinite. 
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cheff's  theory  is  due,  the  regulator  of  the  approximation.  Thus 
TcheTnchefTs  original  process  gives  a  regulator  1  =  1*2. 

227.  The  choice  of  groups  of  selected  terms  which  may  be 
omitted  from  Sylvester's  inequalities  is  much  facilitated  by  the 
following  considerations.  Suppose  that  at  any  stage  of  the 
approximation  we  have  obtained  asymptotic  values  for  ty(x) 
in  the  form 

*jr  (x)  >  Ax  +  Q1  (log  x) 
<  qAx  +  Q2  (log  x), 

so  that  q  is  the  regulator. 

Let  m,  fi  be  positive  integers,  and  m  <  jj,.    Then  we  have 

where  Q  (log  x)  is  a  new  quadratic  function  of  log  x. 

Now  if  Q^-  —      is  positive,  or  which  is  the  same  thing,  if 

/a  >  qm,  we  thus  obtain  an  inferior  limit  for  yjr  (x/m)  —  yfr  (x/fx) 
which  is  ultimately  positive  when  x  is  large  enough ;  while  if 
fi  <  qm,  the  expression  on  the  right-hand  side  of  the  above  in- 
equality is  ultimately  negative  when  x  is  very  large.  But  the 
expression  yfr  (x/m)  —  ^(x//jl)  can  never  be  really  negative;  and 
the  explanation  of  the  above  result  is  that  the  regulator  q 
differs  too  much  from  unity  to  give  any  inferior  limit  to 
yfr  (x/m)  —  yfr  (x/fi)  except  zero.  Consequently,  in  the  left-hand 
side  of  the  inequality  (i)  we  may  (and  should)  omit  any  com- 
bination of  terms  i|r  (x/m)  —  -v/r  (x//x)  with  m  <  //,  and  //,  <  qm ; 
and  in  the  same  way  in  the  left-hand  side  of  (ii)  we  may  omit 
any  combination  —ylr(xlm)  +  -yjr(xlfjL)  subject  to  the  same  con- 
ditions. This  principle  may  obviously  be  extended:  for  instance 
in  (i)  we  may  omit  any  combination 

if  m,  m'  are  both  less  than  fi,  while 

m    m  /ub 

and  so  on.  It  may  be  shewn,  however,  that,  in  order  to  use  a 
given  regulator  q  to  the  best  advantage  for  the  next  approxima- 
tion, only  those  groups  of  terms  should  be  omitted  which  can  be 
arranged  in  pairs  such  as  yfr  (x/m)  —  yjr  (x/fi)  with  m<  /x  <  qm. 
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228.  Sylvester  has  also  explained  a  method  of  successive  ap- 
proximation which  may  be  applied  to  one  and  the  same  inequality, 
before  attempting  to  find  other  more  favourable  sets  (cij-;  6,-). 
The  principle  of  this  will  be  best  illustrated  by  applying  it  to 
Tche'bicheff's  original  result 

[1,  30;  2,  3,  5]  =  +  <x)-+(f)  +  +  g)-  +  (^)  +  ... 

or,  as  we  may  write  it  for  convenience, 

V=  (1)  -  (6)  +  (7)  -  (10)  +  (11)  -  (12)  +  (13)  -  (15) 

+  (17)  -  (18)  +  (19)  -  (20)  +  (23)  -  (24) 

+  (29) -(30) +  (31)-... 

Taking  Tche'bicheff's  asymptotic  limits,  with  the  regulator 
1*2,  and  omitting  the  groups 

-(6) +  (7),  -(10) +  (11),  -(12)  + (13),... -(20) +(23), 
which  are  certainly  not  positive,  although  the  regulator  1*2  gives 
us  no  asymptotic  value  for  them  below  zero,  we  infer  that 

F=(l)-(24)  +  (29)-e, 
where  e  is  certainly  not  negative. 

Now  V  >  Ax  —  J  log  x  —  1 ; 

therefore 

*  (at)  >  Ax- \  log x  - 1  +  +  ^  -  ir  . 

A1S°  *  (Ifc)  >  U  "  1  (1°g  X  ~  l0g  24)  "  *' 

^(a<^  +  41oW(lo^-log29)2 
+  {  (log  x  -log  29) +  1, 

therefore  a  fortiori 

yfr  (x)  >  fiAx  +  </i  (log  x)2  +  rx  log  x  +  Sj , 

where  pl}  qu  rlt  sx  are  certain  numerical  constants,  and  in  par- 
ticular 

i>.  =  i+A-  h=fflh- 

In  a  similar  way,  since 

rs(l)-(6)  +  (7)-(10), 

we  have 

^(x)<Ax+§\ogX+y\r(^-^(^  +  yir  , 
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and  hence 

yjr  (x)  <  txAx  +  Ui  (log  xf  +  vx  log  x  +  wl , 
where  ^,  uL,  vXy  w,  are  numerical  constants,  and  in  particular 

We  may  now  repeat  the  process,  employing  the  new  asymptotic 
values  of     (J^J  ,  ,  etc. ;  and  it  is  clear  that  after  i  succes- 

sive applications,  we  shall  obtain  results  of  the  form 
-\Jr  (x)  >  piAx  +  q{  (log  xf  +  r{  log  x+  si} 
yjr  (x)  <  UAx  +  Ui  (log  x)2  +  Vi  log  0  +  w{. 

To  determine  the  coefficients  we  have  a  set  of  linear  difference 
equations  with  constant  coefficients ;  these  have  been  completely 
worked  out  by  Hammond.  It  will  be  sufficient  here  to  consider 
those  which  are  satisfied  by  the  coefficients  pit  t{.  It  is  easily 
seen  that 

The  initial  values,  obtained  from  Tchebicheff 's  inequalities,  are 
2*0  =  1,      £o  =  }; 
and  the  complete  solution  is 

where  P,  Q,  R,  S  are  numerical  constants,  and  p,  px  are  the  roots 
of  the  equation 


0. 


It  may  be  verified  that  p  and  px  are  both  proper  fractions,  so 

tIt  (x) 

that  the  asymptotic  limits  of  Y  v     obtained  in  this  way  are 

x 

ultimately 

P„A=tmA  =  10765779... 


M  =  Mfff^  =  -9226107... 


By  applying  this  process  to  the  schemes 
[1,  6,  70;  2,  3,  5,  7,  210] 

and  [1,  6,  10,  210,  231,  1155  ;  2,  3,  5,  7,  11,  105], 
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Sylvester  has  succeeded  in  reducing  the  inferior  and  superior 
asymptotic  limits  of  —  —  to 

X 

•9461974...  and  1-0551851... 

each  of  which  is  more  nearly  equal  to  unity  than  the  corresponding 
value  obtained  by  Tch^bicheff.    The  scheme 

[1,  6,  10,  14,  105 ;  2,  3,  5,  7,  11,  13,  385,  1001] 
leads  to  still  closer  limits,  namely 

•95695...  and  1-04423... 

It  appears  to  be  very  probable  that  the  true  asymptotic  value 
yjr  (x) 

of  r       is  unity ;  of  course,  we  cannot  expect  to  prove  that  it  is 

X 

so  by  any  approximative  process  such  as  that  which  has  been 
described. 

229.  It  must  be  carefully  borne  in  mind  that  it  has  not  been 
proved  that  approximates  to  a  definite  limit  when  x  becomes 

infinite ;  it  has  indeed  been  proved  that  for  all  values  of  x 

A+V>±M>A'+V', 

X 

where  A  =  104423...,  A'  =  "95695...  and  rj,  rj'  are  quantities  which 
are  very  small  when  x  is  large ;  but  this  is  quite  consistent  with 
yjr  (x) 

the  hypothesis  that  ^  continually  oscillates  between  two  finite 
limits,  without  tending  to  a  single  definite  value  when  x  =  oo . 

.  ilf  (x) 

It  may,  however,  be  shewn  that  if  r  w  does  converge  to  a 

x 

definite  limit,  this  limit  can  only  be  unity.  This  is  effected  by 
proving  that  if  a  is  any  assigned  quantity  which  is  greater  than  1, 
there  is  an  indefinitely  large  number  of  positive  integers  x  for 
which 

i/r  (x)  <  ax, 

and  also  that  if  a'  is  any  assigned  quantity  less  than  1,  there  is  an 
indefinitely  large  number  of  positive  integers  x  for  which 

yfr  (x)  >  a'x. 

Poincare"s  proof  of  this  proposition  is  extremely  simple  and 
elegant.    To  avoid  confusion  in  the  use  of  brackets,  we  shall  write 
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E(x)  instead  of  [x]  to  denote  the  greatest  integer  which  does  not 
exceed  x. 

Then  if  the  function  a  (x)  is  defined  to  mean  1  or  0  according 
as  x  ^  1  or  x  <  1,  we  shall  have 

«■>-«»+.©+«©♦•••+«©+••• 
-Hi)-- 

in  fact,  since  a  (^j  =  1  for  n  =  1/2,  3  . . .  E  (x),  while  a  (^j  =  0  for 

all  integral  values  of  n  which  exceed  E{x),  the  series  is  simply 

1+1  +  1  +  .. . 
to  E  (x)  terms  :  that  is,  it  is  E(x). 

Now  let  Sn=l       +       —  + 

F(^,n)  =  ^(4+^(|)  +  ^(f)  +  ...+^(9; 
then  since,  if    >  1, 

it  follows  that 

£n n  +  1  <  V(x,n)<Sn.E (x)  (1 ). 

Again  log^  lo^fZT' 

and  therefore       log  (n  + 1)  —  log  2  <  Sn  —  1  <  log  ft, 
whence  a  fortiori 

log  (n  +  1)  <  #w  <  1  +  log  n. 
From  this  and  the  inequalities  (1)  we  conclude  that 
E  (x)  log  (ft  +  1)  -  n  +  1  <  V  0,  ft)  <  E  (x)  (1  +  log  ft) . .  ..(2). 

Let        Vto-B(.)+S$  +  ...+xQ  +  ... 

-*»©■ 

then  since  =0  if  n  >  E  (x),  it  is  clear  that 

V(x)=V{x,E{x)}; 

consequently  by  (2) 

E  (x)  log  [ E  (x)  +  1}  -  E  (x)  +  1  <  V  (a?)  <  £  (x)  {1  +  log  £  (x)}. 
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Dividing  by  x  log  x,  and  making  x  infinite,  we  see  that 

x=<*>  xlogx 

Now  let  a  be  any  assigned  quantity  which  is  greater  than  1, 
and  suppose,  if  possible,  that  there  is  only  a  finite  number  of 
positive  integers  x,  for  which 

i/r  (x)  <  ax. 

Let  x0  be  the  greatest  of  these ;  then  for  all  integral  values  of 
x  which  exceed  x0,  we  shall  have 

(x)  ^ax. 

It  will  be  possible  to  choose  a  finite  positive  integer  b  such 
that  for  all  positive  integral  values  of  x 

yfr(x)>a(x  +  l)-b; 
we  might,  for  instance,  take  b  =  E  {a  (x0  +  l)j  +  1. 

We  may  infer  from  this,  that,  for  all  positive  values  of  x  which 
exceed  unity, 

yjr  (x)  >  aE  (x)  -  ba  (x)  : 

in  fact,  if  x  >  1,  we  have  E(x)  <  x  +  1,  and  a(x)  =  1 ;  on  the  other 
hand  if  x  <  1  we  have 

yjr(x)  =  E  (x)  =  a(x)  =  0. 

In  the  inequality 

yjr  (x)  >  aE  (x)  —  ba.  (x) 

XXX 

change  x  successively  into  ^,  ^,  and  add;  then  since  the 

inequality  only  fails  when  yfr  (x),  E  (x),  a  (x)  all  vanish,  we  have 

that  is,  T(x)  >  aV(x)  -  bE  (x), 

a  ,u     f  T(x)        V(x)     .  E(x) 

and  therefore  ,    -  >  a    ,       —  b    ,  . 

x  log  x       x  log  x      x  log  X 

But  from  Tchebicheff's  inequalities  it  appears  that 
Lt.4M  =  1; 

£  =    X  lOg  X 

also  the  limit  of  E  (x)/x  log  x  is  zero,  and  that  of  V  (x)/x  log  x  is  1 ; 
we  are  therefore  led  to  the  absurd  result  that  1  >  a.  Consequently 
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it  is  impossible  to  assign  a  finite  value  of  x0  such  that  whenever 
x  >  x0,  yjr  (x)  ^  ax0 ;  the  inequality 

yfr  (x)  <  ax 

is  therefore  satisfied  by  an  infinite  number  of  positive  integers. 

It  may  be  proved  in  exactly  the  same  way  that  if  a'  is  any 
assigned  quantity  less  than  1,  the  inequality 

yfr  (x)  >  a'x 

is  satisfied  by  an  infinite  number  of  positive  integers.  Consequently 
if  yjr  (x)/x  has  a  definite  limiting  value,  it  must  be  unity. 

Perhaps  the  argument  becomes  clearer  with  the  help  of  a 

yjr  (x) 

geometrical  figure.  Suppose  the  curve  y  =         to  be  constructed; 

x 

then  if  A,  A'  are  Sylvester's  limits,  and  k,  k'  assigned  proper 
fractions,  however  small,  it  has  been  proved  that  as  we  proceed  to 
infinity  along  the  axis  of  x,  the  curve  ultimately  lies  wholly 
between  the  lines  y  =  A  +k,  y  =  A'  —  k'\  and  also  that  however 
far  we  may  proceed  along  the  strip  enclosed  between  the  lines 
y  —  1  +  m,  y  =1  —  ra',  where  again  ra,  ra'  are  assigned  positive 
quantities,  we  shall  always  find  points  of  the  strip  which  belong  to 
the  curve,  no  matter  how  small  ra  and  ra'  may  be.  Therefore  if 
the  asymptotic  form  of  the  curve  is  a  straight  line  parallel  to  the 
axis  of  x,  this  line  must  be  y  =  1. 

230.    It  is  now  easy  to  prove  that  if  ^  ^  has  a  definite  limit 

x 

when  x  is  infinite,  that  limit  must  be  unity.  For  suppose  a  is  any 
assigned  quantity  greater  than  1 ;  then,  by  last  article,  the  in- 
equality yfr  (x)  <  ax  is  satisfied  by  an  infinity  of  integral  values  of 
x;  but  6{x)<ty(x)  always  (Art.  220);  therefore  the  inequality 
6{x)<ax  will  also  be  satisfied  by  an  infinity  of  integral  values  of  x. 

Again,  for  sufficiently  large  values  of  x, 

6{x)>^(x)-2ylr(^x), 
and  ifr        <  fv7^? 

consequently  0(x)>yjr  (x)  —  ig.*Jx, 

6(x)     ylr(x)  12 
x         x       5  s/x 

Now  if  a  is  any  assigned  quantity  less  than  1,  there  will  be  an 

yjr  (x) 

infinity  of  integral  values  of  x  for  which     w  >  a,  and  among 
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these  there  will  be  an  indefinite  number  for  which  -j-  is  less  than 

assigned  quantity  tj,  however  small;  therefore  there  will  be  an 
indefinitely  great  number  of  positive  integral  values  of  x  for 
which 

0(x) 
x 

Now  if  a'  <  1,  we  may  always  put  a'  =  a  —  rj,  where  a  is  also 
less  than  1  and  rj  is  positive ;  consequently  if  a'  is  any  assigned 
quantity  less  than  1,  the  inequality 

0  (x)  >  a'x 

will  be  satisfied  by  an  infinite  number  of  positive  integers. 

It  follows,  therefore,  that  if         converges  to  a  definite  limit, 

x 

this  must  be  unity. 

231.  Let  F(x)  denote  the  number  of  primes  that  do  not 
exceed  x ;  then  from  the  definition  of  6  (x)  it  is  obvious  that 

F(x)  \ogx>d(x), 

consequently  whenever  6  (x)  >  ax,  we  shall  have 


F(x)> 


ax 


log  a?' 

Combining  this  with  the  result  of  last  article,  we  infer  that 
whenever  a<  1,  there  is  an  infinity  of  integers  for  which 

v  7     log  a? 

We  may  also  prove  that  if  a  >  1,  there  is  an  infinity  of  integers 
for  which 

v       log  a? 

To  shew  this,  write,  for  the  moment,  F(x)=n;  then  because 
the  nth  prime  number  in  order,  say  pn,  is  greater  than  n,  we  have 

»  n 

0(x)  =  X  log^r  >  2  log  r 

1  1 

>T(n); 

that  is  T[F(x)]<0(x). 

Now  for  all  values  of  x  which  exceed  a  certain  limit 
T(x)  >bx\ogx, 
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where  b  is  any  assigned  quantity  less  than  1 ;  consequently  for  all 
such  values  of  x 

0(x)>bF(x)  logF(x). 
But,  as  already  proved,  F  (x)  log  x  >  0  (x),  and  therefore 
log  F  (x)  >  log  0  (x)  —  log  log  x ; 
hence  0  (x)  >  bF(x)  (log  0  (x)  —  log  log  x], 

or  F(x)<r., — Q/  r  v  / — =  . 

v       o    log  0  (x)  —  log  log  X 

Let  — fog  log  #  =        '  t^ien  ^  ^  ^aS  ^e  same  s^n  as 
log  y -log  log  #-1, 
and  is  therefore  positive  if 

logy  >l+log logo;, 
that  is,  if  y  >  e  log  x. 

Provided,  then,  that  this  inequality  is  satisfied,  f(y)  increases 
with  y  (x  remaining  constant). 

Now  since  when  x  is  large,  log  x  is  negligible  in  comparison 
with  x,  it  is  easily  seen  that  both  0  (x)  and  ax  (where  a  is  positive) 
exceed  e  log  x  for  all  values  of  x  beyond  a  certain  limit.  Hence 
whenever  x  is  sufficiently  large  and  0  (x)  <  ax  we  shall  have 
/[*(•)]  <f(ax\ 

that  is  *M  <  aX 

log  0  (x)  —  log  log  x    log  (ax)  —  log  log  x ' 

and  therefore        F  (x)  <  i  . — -, — -r-— % — ,  • 

x       o    log  (ax)  —  log  log  x 

When  x  increases  indefinitely,  we  may  write 

ax  . 
=  i—  (1  +  0. 


log  (ax)  —  log  log  x    log  x 
where  e  ultimately  vanishes.    Hence  if  0  (x)  <  ax,  and  a'  >  a,  it 
will  always  be  true  that 

n  /  \    a  x 

provided  that  x  exceeds  a  certain  definite  value. 

Now  if  c  is  any  assigned  quantity  greater  than  1,  it  will  always 
be  possible  to  assign  values  to  a,  a',  b  so  that 

c  =  y ,    a  >  a  >  1  >  by 
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and  since  the  inequality  9{x)<ax  is  satisfied  by  an  infinity  of 
integers  whenever  a  >  1,  it  follows  that 

r  (*)<■— 

v  7    log  X 

for  an  infinity  of  integers,  whenever  c  has  an  assigned  value 
which  exceeds  unity. 

We  conclude,  therefore,  that  if  —  —  ^  -  converges  to  a 

x 

definite  limit  when  x  becomes  infinite,  that  limit  must  be  1. 

232.  Legendre,  in  his  Thiorie  des  Nombres,  proposed  the 
empirical  formula 

F{x)  =  ,  - — j , 

v  7    log  at  — A 

where  A  =  108366. 

This  agrees  very  fairly  so  long  as  x  does  not  exceed  a  million  ; 
but  as  x  increases,  the  approximation  becomes  more  and  more 
imperfect.  Tchebicheff  has  proved  that  the  least  inaccurate 
formula  of  Legendre's  type  is 

v  '    log  a?  —  1 

on  the  assumption  that  there  is  an  asymptotic  expression  for  F(x) 
of  the  form 


4 


log  x  (log  xf  (log  x)z 
he  has  also  shewn  that  the  only  possible  formula  of  this  latter 
type,  carried  as  far  as  x/(\og  x)n,  which  shall  not  involve  an  error 
comparable  with  a?/(log  x)m,  where  m  <  n,  is 

f  1  1  1.2  (n  - 1) !) 

H  {SB)  -  X  |log  ^  +  ^  ^  +  ^  ^3  +  . . .  +  ^       I  . 

Thus,  for  instance,  Legendre's  corrected  formula  is  certain  to 
differ  ultimately  from  F(x)  by  quantities  comparable  with 

#/(log  xf. 

The  infinite  series 

|  1  1  2!  \ 

^llog^  +  (log^  +  (log^  +  -} 

is  ultimately  divergent,  however  great  x  may  be ;  but  if  x  is  very 
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large,  the  sum  of  the  first  n  terms  will  be  an  approximation  to  the 
integral 

/*  dso 

J  a  l0g#' 

where  a  is  any  finite  quantity  greater  than  1  and  small  in  com- 
parison with  x.    In  fact,  by  integration  by  parts, 

[*  dx  _  f  x  x  2  \x  (n-\)\x~\x 

J  a  log  x     [log  x    (log  xf    (log  x)z    '"      (log  x)n  Ja 

,     , f *  dx 
+  n ! 


(log  x)n+1 ' 

and  the  last  term  on  the  right  is  equal  to 

n  !  (x  —  a) 


[log  {a +  0(x -a)}]""' 

where  6  is  a  proper  fraction.  When  x  is  very  large,  values  of  n 
can  be  found  for  which  this  is  a  very  small  fraction  of  x.  If,  then, 
we  stop  at  a  suitable  place  in  the  infinite  series,  we  shall  obtain  a 
value  which  differs  from 


fx  dx 

J  a  \0gX 


log  X 

only  by  a  very  small  fraction  of  itself;  x,  of  course,  being  supposed 
very  large,  and  a  comparatively  small. 

It  is  usual  to  define  the  logarithmic  integral  li(x)  by  the 
equation 

dx 


li  (x)  =  (  : 
J  o 


0  log  SB ' 

and  say  that  when  x  >  1  the  principal  value  of  the  integral  (in 
Cauchy's  sense)  is  to  be  taken.  It  is  not  very  clear  how  this 
principal  value  is  defined ;  however,  there  will  be  no  objection  to 
writing 

/*    dx  _  ^ ,  .  _  ^  /v 

;alog#     v  7     v  7 

where  #  and  a  are  both  less,  or  both  greater  than  1.  There  will,  of 
course,  be  no  difficulty  in  understanding  what  is  meant  by 

'*  dx 


f 

J  a 


ologa? 

taken  along  any  path  of  integration  which  does  not  go  through 
the  point  w  =»  1,  provided  that  the  particular  value  of  log  0  with 
which  we  start  is  definitely  assigned. 
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Gauss,  in  a  letter  to  Encke  (Werke,  ii.  p.  444),  states  that  the 

number  of  primes  which  do  not  exceed  x  is  approximately  fi~~ » 

the  integral  being  given  without  any  indication  of  the  limits.  In 
his  tables  of  the  frequency  of  primes,  a  comparison  is  made 

P3  dx 

between  the  values  of  F(6)  —  F(a)  and  I  ,         for  successive 

Ja\ogx 

intervals  of  100,000  beginning  with  a  =  1000,000,  and  ending  with 
a  =  2900,000 ;  the  comparison  is  also  made  for  the  intervals 
106...  2  . 106  and  2  .106 ...  3.106.  It  should  be  observed  that  Gauss's 
enumerations  of  the  actual  number  of  primes  in  the  different 
intervals  are  not  very  accurate. 

233.  The  mere  fact  that,  so  far  as  the  enumeration  of  primes 
has  been  hitherto  effected,  the  formula 

f*  dx 


2logx 

is  approximately  correct,  does  not  in  any  way  prove  that  this  is  a 
proper  asymptotic  formula.  It  seems  clear  that  Gauss  was  led  to 
it  simply  by  observation,  and  it  does  not  appear  that  he  ever  ac- 
counted for  it  in  any  theoretical  way.  The  only  satisfactory 
attempt  to  determine  a  general  analytical  formula  for  F(x) 
appears  to  be  that  contained  in  Riemann's  celebrated  memoir. 
This  is  confessedly  incomplete,  and  the  analysis  which  it  contains 
is  very  peculiar  and  difficult :  but  because  of  its  great  import- 
ance, some  account  of  it  ought  to  be  given.  On  the  properties  of  the 
function  Y  (z)  for  a  complex  variable,  which  will  have  to  be  assumed 
in  the  course  of  the  investigation,  the  reader  may  consult  Prym, 
Zur  Theorie  der  Oammaf unction  (Crelle,  lxxxii.  165)  and  various 
papers  by  Bourguet  and  Mellin  in  vols.  i.  ii.  iii.  and  viii.  of  the 
Acta  Mathematica. 

If  x  and  s  are  complex  quantities,  we  may  define  x8  to  mean 

gsiog*  =  1  +  s log  x  +  x  (log a?)2  +  ... 

and  since  log  x  is  a  many-valued  function,  x8  is  many- valued  also. 
If  we  write 

Log— JiT 

where  the  integral  is  to  be  taken  along  a  path  from  1  to  x  which 
does  not   surround   the  origin,  the  general  value  of  log  a;  is 
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Log  x  +  2Jc7ri,  where  k  is  any  integer,  and  the  general  value  of 
x8  is  therefore 

In  what  immediately  follows  we  shall  suppose  that  x8  stands 
for  e*1***  so  that  for  instance  when  x  is  real  and  positive,  and 
s  =  a  +  $i, 

rtf  —  e(a+pi)LogZ 

=  eaLo*x  {cos  (j3  Log  x)  +  i  sin  (/9  Log  x)} 
where  Log  x  is  the  ordinary  real  logarithm  of  x. 

This  being  so,  then,  whenever  the  real  part  of  s  is  positive  and 
greater  than  1,  we  have 

n  — —  =  Zrr* 

1  -p-8 

where  the  product  on  the  left  applies  to  all  positive  primes  p,  and 
the  sum  on  the  right  to  all  positive  integers  n.  This  is  easily  seen 
by  observing  that,  under  the  conditions  stated,  we  may  write 

1 


1-2-* 
1 

1-3-* 
1 


=  l  +  2-*  +  2-2S+... 
=  l  +  3-s  +  3-M+... 

=  l+p~8  +^"2S+... 


l-p- 

where  the  series  are  absolutely  convergent;  and  since  n~s  can  be 
expressed  in  one  way  only  in  the  form 


-S         r>  —as 


where  p1}  p2,  p3  etc.  are  different  primes,  and  this  term  occurs  once, 
and  once  only,  in  the  expansion  of  (1  +  2~s  +  ...)  (1  +  3-8  +  ...)... 
(1  +p~8  +  ...)...  the  proposition  follows. 

Now  if  n  is  a  positive  integer,  and  x  a  real  variable,  we  may 
write 

f  e~nx  x8-1  dx  =  n~8  j  e~y  v8"1  dy  =  rr8  T  (s) 
Jo  Jo 

and  hence 

T  (*) .  Xnr'  =  f  (Ze-**)  a*~*  dx  =  f  . 

Jo  J  o  (r  —  1 
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We  will  now  suppose  the  integral 
[of-1  dx 


ex-l 

to  be  taken  first  along  the  axis  of  real  quantities  from  x  =  +  oo  to 
x  =  e,  where  e  is  a  very  small  positive  quantity,  then  in  the  positive 
direction  along  the  circumference  of  a  small  circle  of  radius  e,  with 
its  centre  at  the  origin,  and  finally  along  the  axis  of  real  quantities 
from  #  =  eto#  =  +  oo. 

After  going  round  the  small  circle,  log  x  increases  by  27ri,  and 
if  we  take  of  to  mean  (as  above) 


[*dx\ 

L  t) 


earn  s 

j  i  *  / 

it  is  evident  that,  after  describing  the  circle,  — — |  becomes 
x*~x 

It  is  easily  seen  that  if  the  real  part  of  s  exceeds  1, 


V-l 

the  integral  round  the  circle  vanishes  ultimately  when  e  is 
infinitesimal :  and  therefore  the  whole  integral  is 

(1-^s)Jao^rr=(^-i)Jo-?rr 

„.  .   .  raf-^dx 
=  1\e™  sin  tts  — — =- . 

Jo  e*-l 

Comparing  this  with  the  previous  result,  we  have 
2  sin  tts  T  (s)  Xn~s  =  -  Ur*  J  ~fj 

*  00 

(e-^xy^dx 


< 


(-xY~ldx 


the  integral  on  the  right  being  taken  along  the  path  above  defined. 
Observe  that  (  -  #)s_1  is  to  be  taken  as  e-1" x8-1,  where  af~x  is  to 
have  the  same  determination  as  in  the  equation 


e-xaf-ldx. 


For  convenience  we  may  suppose  Xs'1  =  e{8~1)Lo^x;  but  any  other 
determination  might  be  adopted,  provided  that  the  proper  corre- 
sponding value  of  r  (s)  be  taken. 
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in 


The  path  of  the  integration  denoted  by  /   may  be  modified  i 

J  00 

any  way  consistent  with  not  including  any  of  the  zeroes  of  the 
function  (e*  —  1). 

If,  now,  we  define  the  function        by  means  of  the  equation 


I'- 


is  a  one-valued  function  of  s  which  is  finite  for  all  finite 
values  of  s  except  5=1,  and  vanishes  when  s  is  a  negative  odd 
integer.    Moreover  when  the  real  part  of  s  exceeds  1,  £(s)  =  2w~s. 

When  the  real  part  of  s  is  negative,  the  point  x  =  +  oo  (a  real 
quantity)  is  not  a  pole  of  the  integral 

r(—  x)8*1  dx 
e*-l 

and  consequently  the  value  of  this  integral,  taken  as  above 
explained,  is  equal  to  the  sum  of  the  values  of  the  same  integral 
taken  in  the  negative  direction  round  infinitesimal  circles  each 
surrounding  one  of  the  poles  ±2iri,  ±47n,  etc. 

The  value  of  the  integral  taken  round  the  pole  2mri  is 

_  M .  Lt  =  _  m  (-  wy-1 ; 

x=2niri  &  I 

and  in  the  same  way  that  round  the  pole  —  2niri  is 

Substituting  these  values  in  the  equation  which  defines  f  (.9), 
we  have 

2  sin  tts  T  0)  ?(*)  =  (2tt)*  {i8~l  +  (-  i)8-1}  Zn8-1 

=  (2tt)s  {i8-*  +  (-  %)T1}  f  (1  -  s) 

or  2  cos  ~  T  (s)  ?  (s)  =  (2tt)s  £  (1  - 

If  in  Legendre's  formula 

T(x)r(x  +  '^j...r(x+  =  (27r)¥  T 

we  put  71  =  2,  #  =  -  ,  we  obtain 

r(l)r(1Tf)=(2,r)i-2i"srW 

=  2-»7T»r(s). 
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Also  r^r^-Tir: 


7T 


S)  7T  S7T  ' 

and  therefore,  eliminating  V  > 

2rwr(1-f)cosf  =  2vJr(|). 

Hence  the  relation  connecting  £(s)  and  £(1  —  s)  may  be 
written  in  the  form 

rg)c<.)— ~»r(44)«i_.) 

or,  which  is  the  same  thing, 

w  -i  r  (•)  f  w  =  ^-'-r  r  (1^*)  ?(i  -  .> 

This  naturally  suggests  the  introduction  of  the  function 
Tr'aT  ^  instead  of  £(s);  this  function  is  unaltered  by  the 
change  of  s  into  1—5. 

Since  n~s  tt"I  V  f^j  =  f^*** xl'1  dx 

it  follows  that         w~\  Y  (^j  ?(*)  =  j  ^  (x)  xl'1  dx, 

where  yjt  (x)  =  Se"*****. 

1 

The  function  yfr  (x)  is  one  of  those  which  occur  in  the  theory 
of  elliptic  functions;  in  fact,  writing  K'jK  for  x,  and  putting 

l  +  2^r(a?)  =  l  +  2?+254  +  2g»+... 


/2Z 

"VV" 

Interchanging  the  moduli,  so  that  x  becomes  -  ,  we  have 

x 

1+2^S)=v/?=irl(1  +  2t(<c)!; 

and  hence     j  yfr  (x)xi~l  dx= ^yfr  (x)xi~1  dx  +  j  yfr(x)xi~1dx 
=  £V  (*)        +  x~H)  dx  +  — ^ . 
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Now  write  s  =  4  +  ti, 

*j£^)^lr(|)?(s)  =  f(0; 

then,  on  substitution,  we  find 

r00  (      S.ti         _3  ti) 

1(0  =  4-4(^  +  1)]^  (*)  |«f  «  +  *~r  2 ) 

=  4-(^2  +  i)j  #  i^C^cos^loga?)^ 
where,  of  course,  the  determination  of  cos     log  x)  must  be  in 
accordance  with  that  of"  7r~2r^j,  in  order  that  £(s)  may  be 
one- valued. 

In  order  that  the  real  part  of  s  may  be  greater  than  1,  so  that 
%n~s  may  converge,  we  must  have 

t=a- fii 
with  £  >  }. 

If,  in  the  expression  for  f  (£),  we  suppose  the  integration  to  be 
taken  along  the  axis  of  real  quantities,  and  log  x  to  denote  the  real 
logarithm  of  x,  we  obtain  an  expression  of  the  form 

?(0  =  Ao  +  A#  +  A#+  ... 
where  A0  A  j  A2. . .  are  real  coefficients.  This  particular  value  of  f  (t) 
is  always  real  when  t  is  a  pure  imaginary,  or,  which  is  the  same 
thing,  whenever  s  is  real.    If  s  is  a  real  quantity  greater  than  1, 
this  value  of  f  (t)  coincides  with  the  real  value  of 

•-^„-irg)*r. 

The  coefficients  Ai  depend  upon  integrals  of  the  type 

2-r 


^yy  1^-*  +  (a) .  (log  mf  dx, 


and  it  is  easy  to  see  that  these  diminish  very  rapidly  as  r  increases, 
and  that  the  expansion  of  f  (t)  converges  absolutely  for  all  finite 
values  of  t. 

Since,  when  the  real  part  of  5  exceeds  1,  the  function  of  s  with 
which  f  (t)  then  coincides,  never  vanishes  for  finite  values  of  s,  it 
follows  that  the  finite  roots  of  the  transcendental  equation  f  (t)  =  0 
must  all  be  of  the  form 

t  =  a  ±  &i 
with  £  <  |. 
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Now  the  number  of  roots  of  ((t)  =  0  contained  within  any 
simple  contour  is  equal  to 


2wi 

taken  in  the  positive  direction  round  the  contour.  Riemann 
states  without  proof  that  the  number  of  roots  of  f  (t)  =  0  contained 
within  the  rectangle  bounded  by  the  lines  as  =  0,  as  =  T,  y  =  +  \,  is 
found  by  this  method  to  be  approximately 

kg  3=.-* 


when  T  is  large;  the  error  being  comparable  with  i.    It  follows 

from  this  that  the  frequency  (or  'density')  of  the  roots  in  the 
neighbourhood  of  the  line  x  =  T  is  asymptotically 

H»{»(u«K-1)}"S;,og&' 

and  hence  we  may  write 

logf(<)  =  21og  (l- J)  +  l«gf(0) 

where  the  summation  applies  to  all  the  roots  t  of  the  equation 
f(£)  =  0.  Riemann  adds  that,  although  he  has  not  succeeded  in 
proving  it,  it  seems  very  probable  that  all  the  roots  of  f(t)  =  0  are 
real. 

Let  us  now  denote  by  F  (x)  the  number  of  primes  which  are 
less  than  x,  when  x  itself  is  not  .a  prime ;  when  x  is  a  prime  let 
F{x)  stand  for  the  number  of  primes  less  than  x,  increased  by  \, 
so  that  at  every  point  where  F(x)  changes  abruptly 

F(x)  =  i  {F(x  -  0)  +  F(x  +  0)}. 

Let  s  be  a  quantity  of  which  the  real  part  exceeds  1 ;  then 

iogroo=-siog(i  -P-°) 


Now  p~s  =  s  I  x~s~l  dx,   p-2*  =  s  I  x~8~l  dx, 

Jp  J  p* 


and  so  on ;  and  if  these  values  are  substituted  in  the  expansion  of 
log       we  obtain  an  expression  of  the  form 

s  j  f{x)  x-s~l  dx. 
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where  f(x)  is  obtained  by  taking  1  for  every  prime  which  is  less 
than  x,  \  for  every  square  of  a  prime  which  is  less  than  x,  J  for 
every  cube  of  a  prime  which  is  less  than  x,  and  so  on  ;  that  is 

f(x)  =J»+  \F  (a*)  +  \F  (a?*)  + . . ., 

because  if  p2  <  x,  it  follows  that  p  <  at,  and  the  number  of  primes 
for  which  this  condition  is  satisfied  is  F(x$),  and  similarly  for  the 
other  terms.  There  will  of  course  be  abrupt  changes  in  f(x)  when 
x  is  a  prime  or  a  power  of  a  prime,  but  since  these  critical  values 

are  separated  by  finite  intervals,  the  expression  J* /  (x)  x~B_1  dx  is 

perfectly  definite. 

When  x  is  less  than  2,f(x)  =  0,  so  that  we  may  write 

provided  that  s  =  a  +  bi,  with  a  >  1. 

Observing  that  f(x)  is  real  throughout  the  integration,  we 
have 

l°g  £  (s)  r y  ^  x-a  Jcog  Q  J0g  x^  _  i  sjn      lQg       ^  J0g  ^ 
S  Jo 

and  from  this,  by  Fourier's  theorem,  it  follows  that 

27rx-af(x)  =  f+"  log^  {cos  (b  log  x)  +  t  sin  (b  log  #)}  cto, 

J  —00  S 

and  therefore,  multiplying  both  sides  by  ixa) 

J  a-ico  s 

the  integration  being  taken  along  a  straight  line,  so  that  the  real 
part  of  s  remains  constant. 

From  the  way  in  which  F  (x)  was  denned  it  will  be  seen  that 
this  formula  holds  good  for  all  real  values  of  x,  including  those  for 
which  f(x)  changes  abruptly. 

Since  ^ ^^-af  vanishes  when  s  =  a  ±  oo  i,  we  find  by  partial 
integration  that 
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From  the  definition  of  f  (t) 


2  tt2 


«(«-l)r(| 

77* 


(«-i)r(J+i) 

and  therefore 

log  f  («)  =  I  log  «■  -  log  («  - 1)  -  log  r  (1  + 1 )  +  log  t  (t) 

=|iog^-iog(5-i)-iogr(|  +  i) 

+  21ogjl+^^-j  +  log?(0). 


Hence 


Now 


-  log  r  (| + 1)  =^t  (;r  log  (x  +  ^)  - 1  log  OT) 

and  therefore 


Also 


if! 

ds 


1,  T2+i 


Consequently 
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where  0  =  log  f  (0)  +  X  log  (l  +  -L)  . 

The  integral 

=  i*  log  *  f  °°  «»(»log«)  +  trin(Hoga)  ^ 

=  2^  log  # .  7re~al°8a;  =  Ziri  log  # 

(as  may  also  be  seen  by  replacing  the  straight  line  of  the  original 
integration  by  a  small  circle  round  the  pole  5  =  0). 

All  the  other  integrals  in  the  expression  for  2irif{x)  \ogx  may 
be  reduced  to  the  type 

Call  this  <t>  (ft)  ;  then 

\ogx  ra+cci  xsds 

ft     J  a-ni'fi-s' 

on  integrating  by  parts. 

Now  if  the  real  part  of  ft  is  less  than  the  real  part  of  s,  so  that 
the  point  ft  is  on  the  left  of  the  line  along  which  the  integral  is 
taken,  we  may  change  the  path  of  integration  into  a  small  circle 
described  in  the  positive  direction  round  the  pole  s  =  ft.  Hence 
the  value  of  the  integral  is 

*<£>- — g  

=  27rt  log  x  \  x^~l  dx  or  2tti  log  x  f  aP~l  dx, 

according  as  the  real  part  of  ft  is  negative  or  positive. 
Hence  in  the  first  case 
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and  in  the  second 

where  A  and  B  are  constants  depending  upon  the  way  in  which 

log  ^1  —  j0  is  defined  and  on  the  paths  along  which  the  integrals 

are  taken.  In  the  second  integral  the  path  from  0  to  x  must  not 
go  through  the  critical  point  cc  =  l.  We  may,  if  we  like,  suppose 
that  the  integration  from  0  to  x  is  taken  along  the  axis  of  real 
quantities  from  0  to  1  —  e,  then  along  a  semicircle  of  radius  e  from 
(1  —  e)  to  (I  +e)  and  then  along  the  axis  of  real  quantities  from 
1  +  e  to  x.  Similarly  we  may  suppose  the  integration  from  oo  to 
x  to  be  taken  along  the  axis  of  real  quantities. 

The  values  of  /3  are  —2,-4,-6,  etc.,  unity,  and  the  different 
values  of  J  ±  ri ;  and  since  a,  the  real  part  of  s,  is  supposed  greater 
than  1,  we  have  finally 

f(x)=\  i  2  — —s  dx 

+  f  (*r«  + at* +:;.),—  +  c 
Jx  log« 

_  f*  dx  P      cos  (T  l°g  *)  ^     f  °°         ^  q> 

~)0\ogX         T  Jo  l0g«  J  a;  X(X2  -  1)  logtf 

(7  being  a  constant,  the  value  of  which  will  depend  on  the  deter- 
mination of  log  x  in  the  integrals. 

rx  m  fx 

Observing  that  I  <j>  (x)  dx  only  differs  from  /  <j>  (x)  dx  by  a 
Jo  J  2 

constant,  and  that  /(2)  =  J,  we  may  write,  for  x  >  2, 

^y^a  _  fx  dx  _  22  P      cos  (t  log  a?)  cfa? 
^  -     ia  logic        J2  logo; 


-j: 


dx 


2X(xl-l)\0gX+^ 

and  take  log  x  to  mean  throughout  the  real  logarithm  of  x ;  the 
integrations,  also,  being  taken  along  the  axis  of  real  quantities. 

Neglecting  terms  which  are  comparatively  very  small  when  x 
is  large, 

J  log  no  logx 
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It  will  be  remembered  that 

f(cc)  =  F(x)  +  +  */•(«*)+  ... , 

and  from  this  it  may  be  inferred  that 

F  (a)  -/<»)  -  "  ~  ifi"*) 


=  2(-l)*-/(*w> 


where  m  assumes  all  positive  values  not  divisible  by  any  square, 
and  fi  is  the  number  of  different  prime  factors  of  m. 

To  prove  this,  let  n  be  any  positive  integer  greater  than  1,  and 
let  m,  m'  be  any  two  conjugate  factors  of  n  so  that  mm'  =  n  :  then 

the  coefficient  of  F(x")  in  2  (-  iy  is 

mm  n 

where  the  sum  is  obtained  by  calculating  fi  for  every  divisor  of  n, 
1  and  7i  inclusive.  But  if  n  contains  k  prime  factors,  it  is  obvious 
that 

1(.1M.t+*e-t(t-if-^  +  ....(i-l)>.ol 

because  there  is  one  factor  of  %  for  which  fi  =  0,  there  are  A;  for 
k(k  —  1) 

which  ^i=l,  -^-5- — -  for  which  /u,  =  2  and  so  on. 

a 

1 

Thus  all  the  functions  F  (xn)  disappear  except  F  (x),  which 

occurs  once  with  a  coefficient  1 :  and  this  proves  the  theorem. 

Substituting  the  values  of  /(#),  /(a?*),  etc.  in  the  formula,  we 
obtain  an  expression  for  F  (x). 

dx 


Let  B 


-H. 


2  x  (x2  —  1)  log  a;' 
and  let  A  denote  the  constant 

v     7  m 
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then  if  we  neglect  the  integrals  j  - — ^^g^*  ~~  we 
the  approximate  value 

F(x)  =  A  +  $(-lY  ±  L  (x™)  , 


m 


C  *  dx 

where  L(x)=i      — . 

J2  logx 

Since  A  is  a  finite  quantity,  it  may  be  omitted  without 
sensibly  affecting  the  formula  when  x  is  very  large. 

We  conclude  from  this  result  that  Gauss's  approximate  value 
is  ultimately  too  large ;  and  this  is  confirmed  by  the  comparisons 
given  by  Gauss  for  the  second  and  third  millions. 
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1.  Prove  that  if,  to  the  base  10, 

.     1025  .        10242        ,     .  812 

logT024  =  a'    l0g  1023. 1025  =  6'    log  80T82  =  C> 

1252  992 
l0g1247l26=rf'    log987T06  =  e' 

then  196  log  2  =  59  +  5a  4-  86  -  3c  -  Sd  +  4e  ; 

and  find  log  3  and  log  41  in  terms  of  the  same  quantities.  (See 

Gauss,  Werke  ii.  p.  501.) 

2.  Verify  that  24"+2+  1  =  (22*+1  +  2"+1  +  1)  (8*+*  -  2*+1  + 1), 
and  hence  factorise  258  +  1. 

(This  application  of  a  familiar  algebraical  identity  appears  to  be  due  to 
Aurifeuille:  see  Lucas,  TMorie  des  Nombres,  i.  p.  326.) 

3.  From  the  facts  that  10m  =  1  (mod  9)  and  10™  =  (-l)m 
(mod  11)  deduce  the  ordinary  criteria  for  the  divisibility  of  any 
number  by  9  or  by  11. 

Prove  that  a  number  expressed  in  any  scale  of  notation  is 
divisible  by  a  given  number  m  if  a  certain  linear  combination  of 
its  digits  is  divisible  by  m  ;  and  shew  how  the  simplest  combination 
in  question  may  be  discovered. 

For  example,  prove  that  a  number  anan_a . . .  a2ax  expressed  in 
the  scale  of  7  is  divisible  by  19  if 

(a1  +  a4  +  a7  +  ...)+7(a2  +  a5  +  a8+...)-8(a3  +  a6  +  a9  +  ...) 

=  0(mod  19). 

4.  If  p  is  an  odd  prime  (except  5),  and  a<p,  the  fraction  a/p 
may  be  expressed  as  a  pure  circulating  decimal,  and  the  number  of 
figures  in  the  period  is  equal  to  the  exponent  to  which  10  apper- 
tains, mod  p. 

Calling  this  exponent  /,  the  expansions  of 
1    2  p-1 
P'  P""  P 

will  give  rise  to  (p  -  1)//  groups  of  periods,  the  periods  of  each 
group  being  derived  from  each  other  by  cyclical  permutations  of 
the  digits :  hence  if  one  period  of  each  group  is  known,  and  also 
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the  index  of  10  to  any  primitive  root  of  p,  the  index  of  any 
number  may  be  determined.    (D.  A.  Arts.  312 — 318.) 

5.  If  4n  +  3  and  Sn  +  7  are  both  primes;  then  24n+3  -  1  is 
divisible  by  Sn  +  7.  (Euler.) 

The  numbers  2p-  1,  where  p  is  prime,  are  known  as  Mersenne's  numbers. 
According  to  Mersenne  (Cogitata  Physico- Mathematics  (Paris,  1644)  prsefatio 
generalis,  Art.  19)  the  only  values  of  p,  not  exceeding  257,  for  which  2P- 1  is 
prime,  are  1,  2,  3,  5,  7,  13,  17,  19,  31,  67,  127,  257.  Seelhoff  has  proved  that 
261  - 1  is  prime,  but  this  is  the  only  exception  to  Mersenne's  statement  yet 
discovered.  See  W.  W.  Rouse  Ball  On  Mersenne's  Numbers  (Mess,  of  Math, 
xxi.  (1891)  p.  34)  and  Lucas,  TMorie  des  Nombres,  i.  p.  374. 

6.  Prove  that  if  2*  -  1  is  a  prime,  then  2*"1  (2*  -  1)  is  equal 
to  the  sum  of  its  aliquot  parts.  (Euclid  ix.  36.) 

A  number  which  is  equal  to  the  sum  of  its  aliquot  parts  is  called  a  perfect 
number.  No  method  of  finding  perfect  numbers,  except  Euclid's,  has  been 
discovered:  it  is  not  even  known  whether  any  odd  perfect  numbers  exist. 
Euclid's  formula  includes  all  even  perfect  numbers :  of  these  the  first  six  are 

6,  28,  496,  8128,  33550336,  8589869056, 
and  three  others  have  been  calculated  (Rouse  Ball  and  Lucas,  as  above). 

7.  A  pack  of  52  cards  is  shuffled  in  the  following  way.  The 
top  card  is  removed,  and  the  card  originally  second  is  placed  above 
it;  then  the  card  originally  third  is  placed  below  the  two  cards 
already  removed,  and  so  on ;  the  card  which  is  at  the  top  of  the 
unshuffled  part  of  the  pack  at  any  stage  of  the  process  being 
placed  at  the  bottom  or  top  of  the  other  packet  according  as 
its  place  in  the  whole  pack  was  odd  or  even  originally.  Prove 
that  when  this  process  has  been  repeated  12  times  the  cards  come 
back  to  their  original  places. 

In  general,  for  a  pack  of  2n  cards,  the  original  order  is  first 
restored  after  m  shuffles,  where  m  is  the  least  number  for  which 
2™  =  ±  1  (mod  4n +  1). 

(On  the  history  of  this  problem,  known  as  '  Monge's  shuffle,' 
see  Bourget,  Liouv.  (3)  viii.  (1882)  p.  413.) 

8.  Deduce  from  the  theorem  2<£  (d)  =  n  (Art.  8),  that 


cj>(m)  = 


1 

0  0  0  0 

1 

1 

1  0  0  0.,. 

2 

1 

0  10  0... 

.,.  3 

1 

10  10... 

.  4 

1 

0  0  0  1 

.,,  5 
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where  there  are  m  rows  and  columns,  the  last  column  consisting  of 
the  natural  numbers  1,  2,  3  ...  m,  and  the  elements  of  the  rth 
column  (r  <  m)  being  all  zeroes  with  the  exception  of  those 
elements  whose  places,  reckoned  from  the  top,  are  multiples  of  r, 
in  which  case  the  corresponding  element  is  1.  (Hammond.) 

9.  If  a,  n  are  any  integers,  and  ax  =  1  (mod  n)  for  x  =  n  —  1, 
but  not  when  x  is  an  aliquot  part  of  (n  —  1),  the  integer  n  is  a 
prime.  (Lucas,  Thdorie  des  Nombres,  i.  p.  441.) 

10.  If  m  is  any  number,  the  product  of  all  the  integers  prime 
to  m,  which  remain  prime  to  m  when  increased  by  1,  is  congruent 
to  1  (mod  m).  For  instance,  if  m  =  15,  the  numbers  are  1,  7,  13 
and  1.7.13=1  (mod  15). 

(Schemmel,  Crelle  lxx.  (1869)  p.  191.) 

11.  Every  divisor  of  x*m  +      is  of  the  form  2m+1  n  +  1. 

(Euler,  Comm.  Arith.  i.  p.  55.) 

12.  The  sum  of  the  rth  powers  of  the  $  (m)  numbers  less  than 
m  and  prime  to  it  is 

mr+l  A.rA   flTT/1  x 

_r(r-l)(p2)^my,8n(1^H|t 

where  the  products  refer  to  the  different  prime  factors  of  m; 
1?!  =  J,  B3  =  -£q,  etc.  are  the  numbers  of  Bernoulli ;  and  the  series 
on  the  right-hand  is  to  be  continued  so  long  as  the  terms  involve 
positive  powers  of  m  (exclusive  of  m°). 

Verify  the  theorem  for  rn  =  10,  r  =  7. 

13.  If  q  and  p  —  2m+2  q  +  1,  where  m  >  0,  are  both  odd  primes, 
then  3  is  a  primitive  root  of  p,  provided  that  2m+8  q  >  92"1. 

(Tchebicheff.) 

14.  If  p  =  4n  +  3  is  a  prime  number, 

(2n  +  l)!  +  (-  1)*  =  0  (mod  p), 

where  fx  is  the  number  of  quadratic  non-residues  of  p  which  are 
less  than  \p. 

(Jacobi,  Crelle  ix.  p.  189  :  the  problem  is  Dirichlet's.) 
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1 5.  Verify  the  following  congruences : 

2!  +  l  =  1.3    (3*),   12!+1  =  0      (13'),   28  !  +  1  =  18 . 29 (292), 
4!+l=0        (52),   16!  +  1  =  5.17(172),   30  !  + 1  =  19 . 31  (312), 
6!  +  l  =  5.7     (72),   18!  +  1  =  2.19(192),  40  !  + 1  =  16 . 41  (412). 
10  !  +  1  =  1 . 11  (ll2),   22  !  +  1  =  8  .  23  (232), 

Can  any  rule  be  discovered  for  finding  primes  p  such  that 
(p-l)!+l  =  0(mod  p2)1 

16.  If  2n  +  1  is  an  odd  prime  p, 

(2n)  !  =  (-  l)n  24n  (n  !)2  (mod  p2). 

17.  Can  any  rule  be  assigned  for  deciding  a  priori  whether 
the  diophantine  equation  aJ2  -  By2  =  +  4  admits  of  integral  solutions 
in  which  x,  y  are  both  odd  ? 

(Cf.  Art.  153  and  Cayley,  Creile  liii.  p.  369.) 

18.  If  m  and  n  assume  all  positive  integral  values,  the 
expression 

(m  +  n  —  1)  (m  +  n  —  2) 
m+  2  1 

assumes  all  positive  integral  values  without  exception  and  each 
value  only  once.  (Cantor.) 

19.  The  rth  series  of  polygonal  numbers  being  defined  by  the 
formula  \  {rn2  —  (r  —  2)  n],  prove  that  the  series  will  contain  an 
infinite  number  of  squares,  unless  r  is  the  double  of  a  square 
number.  (Euler,  Comm.  Arith.  i.  p.  9.) 

20.  If  E  (x)  denote  the  integral  part  of  x,  then  (i)  m  and  n 
being  any  two  positive  integers  such  that  n  is  not  a  factor  of  m, 

jg/m\_m    1^1  k=^~l    •    2kmir    ,  krr 


sin   cot  —  , 

\nj     n     2    2n  n  n 

(ii)  m  and  n  being  any  two  odd  positive  integers  prime  to  each 
other, 

Z     El  —   =  — 0  5-     2     tan  .  cot  ; 

k=i       \  n  J       8     n       4       2n    &=1  n  n 

(iii)  if  m  and  n  are  prime  to  each  other,  and  both  =  1  (mod  fi), 
^  E  (hm\  +  ^(»-D/M  E  /kn\  =  (m-\)(n-l) 


h=i        \  n  I       k=i  \mj 

(Eisenstein,  Creile  xxvii.  p.  281.) 
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21.  If  p  is  an  odd  prime,  and  a  an  odd  number  prime  to  p, 
prove  that  (a\p)  =  (—  1)T,  where 

I  «a-2)p^2p-a  _  ^  tor  ^  W 

2p  I  4  &=i  ^          p  J 

(Eisenstein  c.) 

22.  Let  0  (&)  denote  the  excess  of  the  number  of  divisors  of  k 
which  are  of  the  form  4>n  +  1  above  the  number  of  those  which  are 
of  the  form  4w  +  3 ;  then 

the  summation  on  the  left  extending  from  k  =  1  to  k  =  E  (m). 

Deduce  from  this  that  the  number  of  points  whose  coordinates 
are  integers  (exclusive  of  the  origin)  contained  within  the  circle 
x2  +  y2  =  m  is  four  times  the  number  contained  within  the  area 
bounded  by  the  line  x  =  0  and  the  hyperbolas 

y(4>x  +  l)  =  m,    y(4>x  +  3)  =  m. 

(Eisenstein,  Crelle  xxvii.  p.  248  and  Gauss,  Werke  ii.  p.  292.) 

23.  Prove  that  when  y  assumes  all  positive  integral  values 
from  1  to  E  ^— J  ,  the  number  of  the  quantities  —  of  which  the 
fractional  part  is  less  than  }  but  not  less  than  J  is 


+  .... 


Generalise  this  proposition,  and  shew  its  connexion  with  last 
example. 

24.    Kronecker  has  stated  the  following  proposition : — 

Let  p  =  4n  +  3  be  a  prime,  and  let  (a1}  blf  ca),  (a2,  b2,  c2),  etc.  be 
the  properly  primitive  reduced  forms  of  all  those  negative 
determinants  —  A  for  which  p  is  representable  by  the  principal 
form  x2  +  Ay2,  with  y  uneven ;  then  the  roots  of  the  congruences 

diX2  +  2biX  +  d  =  0  (mod  p) 

will  all  be  real,  and  will  form  a  complete  system  of  residues  to 
modulus  p ;  double  roots  being  reckoned  once  only.  Verify  this 
for  p  =  7,  11,  19,  etc.  (Berlin  Monatsber.  1862,  p.  304.) 
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25.  Prove  that  the  sign  of  the  symbol  (ralw),  where  m,  n  are 
both  odd,  is  the  same  as  that  of 

U    m/U    m    2/        [_&  =  1,  2,  3  ...  £(rrc  -  l)J  ' 
and  deduce  the  law  of  reciprocity.  (Kronecker.) 

26.  If  G  is  a  large  positive  integer,  we  may  write  asymptoti- 
cally 

ttf>(m)*=-2£2  +  A, 

1  7T 

where  A  <  (£ log  G  +  ±C  +  f )  G  + 1, 

C  being  Euler's  constant.        (Mertens,  Crelle  lxxvii.  p.  289.) 

27.  Representing  by  h(&)  the  number  of  positive  properly 
primitive  classes  of  determinant  —  A,  then,  when  G  is  large, 
we  have  asymptotically 

^(A)=2LV 

where  ^=1  +  2i4"3i"f4"3+ 

(Mertens    c;  and  Gauss,  D.  A.  Art.  302,  Werke  ii.  p.  284.) 
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Automorphisms  of  Compact  Groups.  Generalized 
Proper  Values.  Weak  Topology.  Weak  Approxima- 
tion. Uniform  Topology.  Uniform  Approximation. 
Category.  Invariant  Measures.  Generalized  Er- 
godic  Theorems.  Unsolved  Problems. 

"Written  in  the  pleasant,  relaxed,  and  clear  style 
usually  associated  with  the  author.  The  material 
is  organized  very  well  and  painlessly  presented.  A 
number  of  remarks  ranging  from  the  serious  to 
the  whimsical  add  insight  and  enjoyment  to  the 
reading  of  the  book." 

— Bulletin  of  the  Amer.  Math.  Soc. 
—I960.  (Repr.  of  1956  ed.)  viii  +  101  pp.  5 V4x8.  [142]  $2.95 

INTRODUCTION  TO  HILBERT  SPACE  AND 
THE  THEORY  OF  SPECTRAL  MULTIPLICITY 

By  P.  R.  HALMOS 

Prof.  Halmos'  recent  book  gives  a  clear,  readable 
introductory  treatment  of  Hilbert  Space.  The 
multiplicity  theory  of  continuous  spectra  is 
treated,  for  the  first  time  in  English,  in  full 
generality. 

—  1957.  2nd  ed.  (c.  repr.  of  1st  ed.).  120  pp.  6x9.  [82]  $3.25 

RAMANUJAN: 

Twelve  Lectures  on  His  Life  and  Works 
By  G.  H.  HARDY 

The  book  is  somewhat  more  than  an  account  of  the 
mathematical  work  and  personality  of  Ramanujan; 
it  is  one  of  the  very  few  full-length  books  of  "shop 
talk"  by  an  important  mathematician, 
—viii  +  236  pp.  6x9.  [136]  $3.95 
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Grundzuge  Einer  Allgemeinen  Theorie  der 
LINEAREN  INTEGRALGLEICHUNGEN 

By  D.  HUBERT 

— 306  pp.  51/2x81/4.  [91]  $4.50 


PRINCIPLES  OF  MATHEMATICAL  LOGIC 

By  D.  HUBERT  and  W.  ACKERMANN 

The  famous  Grunduge  der  Theoretischen  Logik 
translated  into  English,  with  added  notes  and  re- 
visions by  Prof.  R.  E.  Luce. 

"The  best  textbook  in  a  Western  European 
language  for  a  student  wishing  a  fairly  thorough 
treatment." — Bulletin  of  the  A.  M.  S. 

—  1950-59.  xii  -f  172  pp.  6x9.  [69]  $3.75 


GEOMETRY  AND  THE  IMAGINATION 

By  D.  HILBERT  and  S.  COHN-VOSSEN 

The  theme  of  this  book  is  insight.  Not  merely 
proofs,  but  proofs  that  offer  insight — intuitive 
understanding — into  why  they  are  true.  Not 
merely  properties  of  the  hyperboloid  or  of  Pascal's 
hexagon,  but  insight  into  why  they  have  these 
properties.  In  this  wide-ranging  survey,  one  of  the 
world's  greatest  and  most  original  mathematicians 
uses  insight  as  both  his  technique  and  his  aim. 
Both  the  beginner  and  the  mature  mathematician 
will  learn  much  from  this  fascinating  treatise. 

Translated  from  the  German  by  P.  Nemenyi. 

Chapter  Headings:  I.  The  Simplest  Curves  and 
surfaces.  II.  Regular  Systems  of  Points.  III.  Pro- 
jective Configurations.  IV.  Differential  Geometry. 
V.  Kinematics.  VI.  Topology. 

"A  mathematical  classic  .  .  .  The  purpose  is  to 
make  the  reader  see  and  feel  the  proofs." — Science. 

"A  fascinating  tour  of  the  20th-century  mathe- 
matical zoo." — Scientific  American. 

"Students  .  .  .  will  experience  the  sensation  of 
being  taken  into  the  friendly  confidence  of  a  great 
mathematician  and  being  shown  the  real  signifi- 
cance of  things." — Science  Progress. 

"A  glance  down  the  index  {twenty-five  columns 
of  it)  reveal  the  breadth  of  range:  — 

"Annulus;  Atomic  structure;  Automorphic  func- 
tions; Bubble,  soap;  Caustic  Curve;  Color  problem; 
Density  of  packing,  of  circles;  Four-dimensional 
space;  Gears,  hyperboloidal ;  Graphite;  Lattices; 
Mapping;  "Monkey  Saddle";  Table  salt;  Zinc. 

"These  are  but  a  few  of  the  topics  .  .  .  The  title 
evokes  the  imagination  and  the  text  must  surely 
capture  it." — Math.  Gazette. 

—  1952.  358  pp.  6x9.  [87]  $6.00 
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SQUARING  THE  CIRCLE,  and  other 
Monographs 

By  HOBSON,  HUDSON,  SINGH,  and  KEMPE 

Four  volumes  in  one. 

Squaring  the  Circle,  by  Hobson.  A  fascinating 
account  of  one  of  the  three  famous  problems  of 
antiquity,  its  significance,  its  history,  the  mathe- 
matical work  it  inspired  in  modern  times,  and  its 
eventual  solution  in  the  closing  years  of  the  last 
century. 

Ruler  and  Compasses,  by  Hudson.  "An  ana- 
lytical and  geometrical  investigation  of  how  far 
Euclidean  constructions  can  take  us.  It  is  as  thor- 
oughgoing as  it  is  constructive." — Sci.  Monthly. 

The  Theory  and  Construction  of  Non- 
Differentiable  Functions,  by  Singh.  I.  Func- 
tions Defined  by  Series.  II.  Functions  Defined  Geo- 
metrically. III.  Functions  Defined  Arithmetically. 
IV.  Properties  of  Non-Differentiable  Functions. 

How  to  Draw  a  Straight  Line,  by  Kempe.  An 
intriguing  monograph  on  linkages.  Describes, 
among  other  things,  a  linkage  that  will  trisect  any 
angle. 

'•Intriguing,  meaty." — Scientific  American. 
—388  pp.  4i/2x7i/2.  [95]     Four  vols,  in  one  $3.25 


SPHERICAL  AND  ELLIPSOIDAL  HARMONICS 

By  E.  W.  HOBSON 

"A  comprehensive  treatise  .  .  .  and  the  standard 
reference  in  its  field." — Bulletin  of  the  A.  M.  S. 
— 1930.  512  pp.  5%x8.  Orig.  pub.  at  $13.50.       [104]  $6.00 

DIE  METHODEN  ZUR  ANGENAHERTEN 
LOSUNG  VON  EIGENWERTPROBLEMEN  IN 
DER  ELASTOKINETIK 

By  K.  HOHENEMSER 

—  (Ergeb.  der  Math.)  1932.  89  pp.  5 1/2x81/2.  Orig.  pub.  at 
$4.25.  [55]  $2.75 

ERGODENTHEORIE 

By  E.  HOPE 

—  (Ergeb.  der  Math.)  1937.  89  pp.  51/2x81/2-       [43]  $2.75 
HUDSON,  "Ruler  and  Compasses,"  see  Hobson 

THE  CALCULUS  OF  FINITE  DIFFERENCES 

By  CHARLES  JORDAN 

".  .  .  destined  to  remain  the  classic  treatment  of 
the  subject  .  .  .  for  many  years  to  come." — Harry 
C.  Carver,  Founder  and  formerly  Editor  of  the 
Annals  of  Mathematical  Statistics. 

—  1947.  Second  edition,  xxi  +  652  pp.  5'/2x8'/4.     [33]  $6.00 
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VORLESUNGEN  UEBER 
NICHT-EUKLIDISCHE  GEOMETRIE 

By  F.  KLEIN 


Chapter  Headings:  I.  Concept  of  Projective  Geom- 
etry. II.  Structures  of  the  Second  Degree.  III. 
Collineations  that  Carry  Structure  of  Second  De- 
gree into  Itself.  IV.  Introduction  of  the  Euclidean 
Metric  into  Projective  Geometry.  V.  Projective 
Coordinates  Independent  of  Euclidean  Geometry. 
VI.  Projective  Determination  of  Measure.  VII.  Re- 
lation between  Elliptic,  Euclidean,  and  Hyperbolic 
Geometries.  VIII.  The  Two  Non-Euclidean  Geom- 
etries. IX.  The  Problem  of  the  Structure  of  Space. 
X  and  XI.  Relation  between  Non-Euclidean  Geom- 
etry and  other  Branches  of  Mathematics. 
—1928.  xii  +  326  pp.  5x8.  [1291  $4.95 


FAMOUS  PROBLEMS,  and  other  monographs 
By  KLEIN,  SHEPPARD,  MacMAHON,  and  MORDELL 

Four  volumes  in  one. 

Famous  Problems  of  Elementary  Geometry, 
by  Klein.  A  fascinating  little  book.  A  simple,  easily 
understandable,  account  of  the  famous  problems  of 
Geometry — The  Duplication  of  the  Cube,  Trisec- 
tion  of  the  Angle,  Squaring  of  the  Circle — and  the 
proofs  that  these  cannot  be  solved  by  ruler  and 
compass — presentable,  say,  before  an  undergradu- 
ate math  club  (no  calculus  required).  Also,  the 
modern  problems  about  transcendental  numbers, 
the  existence  of  such  numbers,  and  proofs  of  the 
transcendence  of  e. 

From  Determinant  to  Tensor,  by  Sheppard. 
A  novel  and  charming  introduction.  Written  with 
the  utmost  simplicity.  Pt  I.  Origin  of  Determi- 
nants. II.  Properties  of  Determinants.  III.  Solution 
of  Simultaneous  Equations.  IV.  Properties.  V.  Ten- 
sor Notation.  Pt  II.  VI.  Sets.  VII.  Cogredience, 
etc.  VIII.  Examples  from  Statistics.  IX.  Tensors 
in  Theory  of  Relativity. 

Introduction  to  Combinatory  Analysis,  by 
MacMahon.  A  concise  introduction  to  this  field. 
Written  as  introduction  to  the  author's  two-volume 
work. 

Three  Lectures  on  Fermat's  Last  Theorem, 
by  Mordell.  These  lectures  on  what  is  perhaps  the 
most  celebrated  conjecture  in  Mathematics  are 
intended  for  those  without  training  in  Number 
Theory.  I.  History,  Early  Proofs.  II.  Rummer's 
Treatment  and  Recent  Results.  III.  Libri's  and 
Germain's  Methods. 


— 350  pp.  51/4x81/4.  [108]     Four  vols,  in  one.  $3.25 
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IDEALTHEORIE 

By  W.  KRULL 

—  (Ergeb.  der  Math.)    1935.  159  pp.  5 1/2x81/2-  Orig.  publ. 

(paper  bound)  at  $7.00.  [48]     Cloth,  $3.95 

GROUP  THEORY 

By  A.  KUROSH 

Translated  from  the  second  Russian  edition  and 
with  added  notes  by  Prof.  K.  A.  Hirsch. 

A  complete  rewriting  of  the  first,  and  already 
famous,  Russian  edition. 

Partial  Contents:  Part  one:  The  Elements  of 
Group  Theory.  Chap.  I.  Definition.  II.  Subgroups 
(Systems,  Cyclic  Groups,  Ascending  Sequences  of 
Groups).  III.  Normal  Subgroups.  IV.  Endomor- 
phisms  and  Automorphisms.  Groups  with  Opera- 
tors. V.  Series  of  Subgroups.  Direct  Products. 
Defining  Relations,  etc.  Part  two:  Abelian  Groups. 
VI.  Foundations  of  the  Theory  of  Abelian  Groups 
(Finite  Abelian  Groups,  Rings  of  Endomorphisms, 
Abelian  Groups  with  Operators).  VII.  Primary 
and  Mixed  Abelian  Groups.  VIII.  Torsion-Free 
Abelian  Groups.  Editor's  Notes.  Bibliography. 

Vol.  II.  Part  Three:  Group-Theoretical  Con- 
structions. IX.  Free  Products  and  Free  Groups 
(Free  Products  with  Amalgamated  Subgroup, 
Fully  Invariant  Subgroups).  X.  Finitely  Genera- 
ted Groups.  XI.  Direct  Products.  Lattices  (Modu- 
lar, Complete  Modular,  etc.).  XII.  Extensions  of 
Groups  (of  Abelian  Groups,  of  Non-commutative 
Groups,  Cohomology  Groups).  Part  Four:  Solv- 
able and  Nilpotent  Groups.  XIII.  Finiteness  Con- 
ditions, Sylow  Subgroups,  etc.  XIV.  Solvable 
Groups  (Solvable  and  Generalized  Solvable  Groups, 
Local  Theorems).  XV.  Nilpotent  Groups  (General- 
ized, Complete,  Locally  Nilpotent  Torsion-Free, 
etc.).  Editor's  Notes.  Bibliography. 
—Vol.  I.  2nd  ed.  1959.  271  pp.  6x9.  [107]  $4.95 

—Vol.  1 1 .  2nd  ed.  1 960.  308  pp.  6x9.  [  1 09]  $4.95 

DIFFERENTIAL  AND  INTEGRAL  CALCULUS 

By  E.  LANDAU 

Landau's  sparkling  Einfiihrung  in  English  trans- 
lation. Completely  rigorous,  completely  self- 
contained,  borrowing  not  even  the  fundamental 
theorem  of  algebra  (of  which  it  gives  a  rigorous 
elementary  proof),  it  develops  the  entire  calculus 
including  Fourier  series,  starting  only  with  the 
properties  of  the  number  system.  A  masterpiece  of 
rigor  and  clarity. 

—2nd  ed.  I960.  372  pp.  6x9.  [78]  $6.00 

ELEMENTARE  ZAHLENTHEORIE 

By  E.  LANDAU 

"Interest  is  enlisted  at  once  and  sustained  by  the 
accuracy,  skill,  and  enthusiasm  with  which  Landau 
marshals  .  .  .  facts  and  simplifies  .  .  .  details." 

— G.  D.  Birkhoff,  Bulletin  of  the  A.  M.  S. 
—1927.  vii  +  180+  iv  pp.  51/2x8 1/4.  [26]  $3.50 
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VORLESUNGEN  UBER  ZAHLENTHEORIE 

By  E.  LANDAU 

The  various  sections  of  this  important  work 
(Additive,  Analytic,  Geometric,  and  Algebraic 
Number  Theory)  can  be  read  independently  of  one 
another. 

— Vol.  I,  Pt.  2.  -'(Additive  Number  Theory)  xii  +  180  pp.  Vol. 
II.  (Analytical  Number  Theory  and  Geometrical  NumberTheory ) 
viii  +  308  pp.  Vol.  1 1 1 .  ( Algebraic  Number  Theory  and  Fermat's 
Last  Theorem)  viii +  341  pp.  51/4x81/4.  -  (Vol.  I,  Pt.  1  is  issued 
as  Elementary  Number  Theory.)  Originally  publ.  at  $26.40 
[32]    Three  vols,  in  one  $14.00 


ELEMENTARY  NUMBER  THEORY 

By  E.  LANDAU 

The  present  work  is  a  translation  of  Prof.  Lan- 
dau's famous  Elementare  Zahlentheorie,  with 
added  exercises  by  Prof.  Paul  T.  Bateman. 

Part  One.  Foundations  of  Number  Theory.  I. 
Divisors.  II.  Prime  Numbers,  Prime  Factoriza- 
tion. III.  G.C.D.  IV.  Number-theoretic  Func- 
tions. V.  Congruences.  VI.  Quadratic  Residues. 
VII.  Pell's  Equation.  Part  Two.  Brun's  Theorem 
and  Dirichlet's  Theorem.  Part  Three.  Decompo- 
sition into  Two,  Three,  and  Four  Squares.  I. 
Farey  Fractions.  II.  Dec.  into  2  Squares.  III.  Dec. 
into  4  Squares.  IV.  Dec.  into  3  Squares.  Part 
Four.  Class  Numbers  of  Binary  Quadratic  Forms. 
II.  Classes  of  Forms.  III.  Finiteness  of  Class 
Number.  IV.  Primary  Representation  .  .  .  VI. 
Gaussian  Sums  .  .  .  IX.  Final  Formulas  for  Class 
Number. 

Exercises  for  Parts  One,  Two,  and  Three. 

—1958.  256  pp.  6x9.  [125]  $4.95 


EINFUHRUNG  IN  DIE  ELEMENTARE  UND 
ANALYTISCHE  THEORIE  DER 
ALGEBRAISCHE  ZAHLEN  UND  DER  IDEALE 

By  E.  LANDAU 

—2nd  ed.  vii  +  147  pp.  5'/2x8.  [62]  $2.95 


GRUNDLAGEN  DER  ANALYSIS 

By  £.  LANDAU 

The  student  who  wishes  to  study  mathematical 
German  will  find  Landau's  famous  Grundlagen  der 
Analysis  ideally  suited  to  his  needs. 

Only  a  few  score  of  German  words  will  enable 
him  to  read  the  entire  book  with  only  an  occasional 
glance  at  the  Vocabulary!  [A  Complete  German- 
English  vocabulary,  prepared  with  the  novice 
especially  in  mind,  has  been  appended  to  the  book.] 

— 3rd  ed.  I960.  173  pp.  53/8x8.  [24]     Cloth  $3.50 

ri41]     Paper  $1.95 
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FOUNDATIONS  OF  ANALYSIS 

By  E.  LANDAU 

"Certainly  no  clearer  treatment  of  the  foundations 
of  the  number  system  can  be  offered.  .  .  .  One  can 
only  be  thankful  to  the  author  for  this  fundamental 
piece  of  exposition,  which  is  alive  with  his  vitality 
and  genius." — J.  F.  Ritt,  Amer.  Math.  Monthly. 
—2nd  ed.  I960.  6x9.  [79]  $3.50 


HANDBUCH  DER  LEHRE  VON  DER 
VERTEILUNG  DER  PRIMZAHLEN 

By  E.  LANDAU 

To  Landau's  monumental  work  on  prime-number 
theory  there  has  been  added,  in  this  edition,  two  of 
Landau's  papers  and  an  up-to-date  guide  to  the 
work:  an  Appendix  by  Prof.  Paul  T.  Bateman. 
—2nd  ed..  1953.  1,028  pp.  5</2x8'/2-  [96]  $13.95 

UEBER  ANALYSIS 

By  E.  LANDAU,  B.  RIEMANN,  and  H.  WEYL 

— See:  Weyl-Landau-Riemann. 

MEMOIRES  SUR  LA  THEORIE  DES  SYSTEMES 
DES  EQUATIONS  DIFFERENTIELLES 
LINEAIRES,  Vols.  I,  II,  III 
By  J.  A.  LAPPO-DANILEVSKU 

Three  volumes  in  one. 

Some  of  the  chapter  titles  are:  General  theory  of 
functions  of  matrices ;  Analytic  theory  of  matrices ; 
Problem  of  Poincare;  Systems  of  equations  in 
neighborhood  of  a  pole;  Analytic  continuation;  In- 
tegral equations  and  their  application  to  the  theory 
of  linear  differential  equations;  Riemann's  prob- 
lem; etc. 

'The  theory  of  [systems  of  linear  differential 
equations]  is  treated  with  elegance  and  generality 
by  the  author,  and  his  contributions  constitute  an 
important  addition  to  the  field  of  differential  equa- 
tions."— Applied  Mechanics  Reviews. 
— 3  volumes  bound  as  one.  689  pp.  5^4x8 1/4.       [94]  $10.00 

TOPOLOGY 

By  S.  LEFSCHETZ 

CONTENTS:  I.  Elementary  Combinatorial 
Theory  of  Complexes.  II.  Topological  Invariance 
of  Homology  Characters.  III.  Manifolds  and  their 
Duality  Theorems.  IV.  Intersections  of  Chains 
on  a  Manifold.  V.  Product  Complexes.  VI.  Trans- 
formations of  Manifolds,  their  Coincidences,  Fixed 
Points.  VII.  Infinite  Complexes.  VIII.  Applica- 
tions to  Analytical  and  Algebraic  Varieties. 

— 2nd  ed.    (Corr.  repr.  of   1st  ed.).  x  +  410  pp.  51/4x81/4. 

1116]  $4.95 
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ELEMENTS  OF  ALGEBRA 

By  HOWARD  LEW 

"This  book  is  addressed  to  beginning  students  of 
mathematics. .  .  .  The  level  of  the  book,  however,  is 
so  unusually  high,  mathematically  as  well  as  peda- 
gogically,  that  it  merits  the  attention  of  profes- 
sional mathematicians  (as  well  as  of  professional 
pedagogues)  interested  in  the  wider  dissemina- 
tion of  their  subject  among  cultured  people  ...  a 
closer  approximation  to  the  right  way  to  teach 
mathematics  to  beginners  than  anything  else  now 
in  existence." — Bulletin  of  the  A.  M.  S. 
—Third  ed.  1960.  xi  +  161  pp.  5%x8.  [103]  $3.25 


LE  CALCUL  DES  RESIDUS 

By  E.  LINDELOF 

Important  applications  in  a  striking  diversity  of 
mathematical  fields:  statistics,  number  theory,  the 
theory  of  Fourier  series,  the  calculus  of  finite 
differences,  mathematical  physic*,  and  advanced 
calculus,  as  well  as  function  theory  itself. 
—151  pp.  5'/2x8'/2.  f34|  $3.25 


THE  THEORY  OF  MATRICES 

By  C.  C.  MacbUFFEE 

"No  mathematical  library  can  afford  to  be  without 
this  book." — Bulletin  of  the  A.  M.  S. 
—  (Ergeb.  der  Math.)  2nd  edition.  116  pp.  6x9.  Orig.  publ. 
at  $5. 20.  [28]  $2.95 

MACMAHON,  "Introduction  .  .  ."  see  Klein 


COMBINATORY  ANALYSIS,  Vols.  I  and  II 
By  P.  A.  MACMAHON 

TWO  VOLUMES  IN  ONE. 

A  broad  and  extensive  treatise  on  an  important 
branch  of  mathematics. 

—xx  +  300  +  xx  +  340  pp.  53/8x8.    [137]    Two  vols,  in  one. 

$7.50 


FORMULAS  AND  THEOREMS  FOR  THE 
FUNCTIONS  OF  MATHEMATICAL  PHYSICS 
By  W.  MAGNUS  and  F.  OBERHETTINGER 

Gathered  into  a  compact,  handy  and  well-arranged 
reference  work  are  thousands  of  results  on  the 
many  important  functions  needed  by  the  physicist, 
engineer  and  applied  mathematician. 
Translated  by  J.  Wermer. 

— 1954.  182  pp.  6x9.  German  edition  was  $7.00.  [51  I  $3.90 
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THE  DEVELOPMENT  OF 
MATHEMATICS  IN  CHINA  AND  JAPAN 

By  Y.  MIKAMI 

A  scholarly  work. 

— First  ed.  1913.  viii  4- 347  pp.  53/8x8.  Summer,  '61. 

[149]  $3.95 


GEOMETRIE  DER  ZAHLEN 

By  H.  MINKOWSKI 

—viii +  256  pp.  51/2X8I/4.  [93]  $4.50 

DIOPHANTISCHE  APPROXIMATIONEN 

By  H.  MINKOWSKI 

"Since  the  author  has  given  an  elementary,  enter- 
taining, account,  both  in  geometric  and  arithmetic 
language,  of  some  important  original  results  as 
well  as  the  salient  features  of  a  classic  theory,  but 
presented  in  a  novel  manner,  his  work  is  deserving 
of  the  attention  of  the  very  widest  circle  of 
readers." — L.  E.  Dickson. 

—viii  4-  235  pp.  51/4x81/4-  [118]  $4.50 

MORDELL,  "Fermat's  Last  Theorem,"  see  Klein 

INVERSIVE  GEOMETRY 

By  F.  MORLEY  and  F.  V.  MORLEY 

Chapter  Headings:  I.  Operations  of  Elementary 
Geometry.  II.  Algebra.  HI.  The  Euclidean  Group. 
IV.  Inversions.  V.  Quadratics.  VI.  The  Inversive 
Group  of  the  Plane.  VII.  Finite  Inversive  Groups. 
VIII.  Parabolic,  Hyperbolic,  and  Elliptic  Geom- 
etries. IX.  Celestial  Sphere.  X.  Flow.  XI.  Differ- 
ential Geometry.  XII.  The  Line  and  the  Circle. 
XIII.  Regular  Polygons.  XIV.  Motions.  XV.  The 
Triangle.  XVI.  Invariants  under  Homologies. 
XVII.  Rational  Curves.  XVIII.  Conies.  XIX. 
Cardioid  and  Deltoid.  XX.  Cremona  Transforma- 
tions. XXI.  The  w-Line. 

— xi  4-  273  pp.  5'/4x8i/4.  [101]  $3.95 

LEHRBUCH  DER  KOMBINATORIK 
By  E.  NETTO 

The  standard  work  on  the  fascinating  subject  of 
Combinatory  Analysis. 

— Second  edition,  viii  4-  348  pp.  5x8  in.  [123]  $4.95 

VORLESUNGEN  UBER 
DIFFERENZENRECHNUNG 
By  N.  H.  NORLUND 

— ix  +  55 1  pp.  5x8.  Orig.  publ.  at  $  1 1 .50.  [  1 00]  $5.95 


CHELSEA    SCIENTIFIC  BOOKS 


FUNCTIONS  OF  REAL  VARIABLES 
FUNCTIONS  OF  A  COMPLEX  VARIABLE 

By  W.  F.  OSGOOD 

TWO  VOLUMES  IN  ONE. 

"Well-organized  courses,  systematic,  lucid,  fun- 
damental, with  many  brief  sets  of  appropriate 
exercises,  and  occasional  suggestions  for  more  ex- 
tensive reading.  The  technical  terms  have  been 
kept  to  a  minimum,  and  have  been  clearly  ex- 
plained. The  aim  has  been  to  develop  the  student's 
power  and  to  furnish  him  with  a  substantial  body 
of  classic  theorems,  whose  proofs  illustrate  the 
methods  and  whose  results  provide  equipment  for 
further  progress." — Bulletin  of  A.  M.  S 
— 676  pp.  5x8.  2  vols,  in  1 .  [124]  $4.95 


DIE  LEHRE  VON  DEN  KETTENBRUECHEN 

By  O.  PERRON 

Both  the  Arithmetic  Theory  and  the  Analytic 
Theory  are  treated  fully. 

"An  indispensable  work  .  .  .  Perron  remains  the 
best  guide  for  the  novice.  The  style  is  simple  and 
precise  and  presents  no  difficulties." 

— Mathematical  Gazette. 

—2nd  ed.  536  pp.  5V4x8.  [73]  $5.95 


IRRATIONALZAHLEN 

By  O.  PERRON 

Methods  of  introducing  irrational  numbers 
(Cauchy,  Bolzano,  Weierstrass,  Dedekind,  Cantor, 
Meray,  Bachman,  etc.)  Systematic  fractions,  con- 
tinued fractions,  Cantor's  series  and  algorithm, 
Liiroth's  and  Engel's  series,  Cantor's  products. 
Approximations,  Kronecker  theorem,  Algebraic 
and  transcendental  numbers  (including  transcen- 
dency proofs  for  e  and  jx;  Liouville  numbers,  etc.) 
— 2nd  ed.  1939.  207  pp.  5'/4x8'/4.  [47]  Cloth  $3.25 

[113]  Paper  $1.50 

EIGHT-PLACE  TABLES  OF 
TRIGONOMETRIC  FUNCTIONS 

By  J.  PETERS 

With  an  appendix  on  the  computation  to  twenty 
decimal  places. 

— Approx.  950  pp.  8x1  1 .  [154]     In  prep. 


SUBHARMONIC  FUNCTIONS 

3y  T.  RADO 

—  (Ergeb.  der  Math.)  1937.  iv  +  56  pp.  5'/2x8'/2-  [60]  $2.00 


CHELSEA    SCIENTIFIC  BOOKS 


THE  PROBLEM  OF  PLATEAU 

By  T.  RADO 

—  (Ergeb.  der  Math.)  1933.  113  pp.  5'/2x8.  Orig.  publ.  (in 
paper  binding)  at  $5.10.  f81]     Cloth,  $2.95 


EINFUHRUNG  IN  DIE  KOMBINATORISCHE 
TOPOLOGIE 

By  K.  REIDEMEISTER 

Group  Theory  occupies  the  first  half  of  the  book; 
applications  to  Topology,  the  second.  This  well- 
known  book  is  of  interest  both  to  algebraists  and 
topologists. 

—221  pp.  5'/2x8i/4.  [76]  $3.50 


KNOTENTHEORIE 

By  K.  REIDEMEISTER 

—  (Ergeb.  der  Math.)  1932  78  pp.  5V2x8V2.       [40]  $2.25 

FOURIER  SERIES 

By  W.  ROGOSINSKI 

Translated  by  H.  Cohn.  Designed  for  beginners 
with  no  more  background  than  a  year  of  calculus, 
this  text  covers,  nevertheless,  an  amazing  amount 
of  ground.  It  is  suitable  for  self-study  courses  as 
well  as  classroom  use. 

"The  field  covered  is  extensive  and  the  treatment 
is  thoroughly  modern  in  outlook  .  .  .  An  admirable 
guide  to  the  theory." — Mathematical  Gazette. 
—Second  ed.  1959.  vi -f  176  pp.  4'/2x6'/2.  [67]  $2.25 

CONIC  SECTIONS 

By  G.  SALMON 

"The  classic  book  on  the  subject,  covering  the  whole 
ground  and  full  of  touches  of  gerfius." 

— Mathematical  Association. 
—6th  ed.  xv +  400  pp.  5»/4x8y4.  [99]  Cloth  $3.25 

[981  Paper  $1.94 

HIGHER  PLANE  CURVES 

By  G.  SALMON 

Chapter  Headings:  I.  Coordinates.  II.  General 
Properties  of  Algebraic  Curves.  III.  Envelopes.  IV. 
Metrical  Properties.  V.  Cubics.  VI.  Quartics.  VII. 
Transcendental  Curves.  VIII.  Transformation  of 
Curves.  IX.  General  Theory  of  Curves. 


— 3rd  ed.  xix  +  395  pp.  53/8x8. 


[1381  $4.95 


CHELSEA    SCIENTIFIC  BOOKS 


ANALYTIC  GEOMETRY  OF 
THREE  DIMENSIONS 

By  G.  SALMON 

A  rich  and  detailed  treatment  by  the  author  of 
Conic  Sections,  Higher  Plane  Curves,  etc. 
—Seventh  edition.  (V.  1  ) .  496  pp.  5x8.  [122]  $4.95 

INTRODUCTION  TO  MODERN  ALGEBRA 
AND  MATRIX  THEORY 

By  O.  SCHREIER  and  E.  SPERNER 

An  English  translation  of  the  revolutionary  work, 
Einfiihrung  in  die  Analytische  Geometrie  und 
Algebra.  Chapter  Headings:  I.  Affine  Space.  Linear 
Equations.  (Vector  Spaces).  II.  Euclidean  Space. 
Theory  of  Determinants.  III.  The  Theory  of  Fields. 
Fundamental  Theorem  of  Algebra.  IV.  Elements 
of  Group  Theory.  V.  Matrices  and  Linear  Trans- 
formations. The  treatment  of  matrices  is  especially 
extensive. 

"Outstanding  .  .  .  good  introduction  .  .  .  well 
suited  for  use  as  a  text . .  .  Self-contained  and  each 
topic  is  painstakingly  developed." 

— Mathematics  Teacher. 
—Second  ed.  1959.  viii  +  378  pp.  [80]  $6.00 

PROJECTIVE  GEOMETRY  OF  n  DIMENSIONS 

By  O.  SCHREIER  and  E.  SPERNER 

Translated  from  the  German  by  Calvin  A.  Rogers. 

A  textbook  on  the  analytic  projective  geometry 
of  n  dimensions  whose  clarity  and  explicitness  of 
presentation  can  hardly  be  surpassed. 

Suitable  for  a  one-semester  course  on  the  senior 
undergraduate  or  first-year  graduate  level.  The 
background  required  is  minimal:  The  definition 
and  simplest  properties  of  vector  spaces  and  the 
elements  of  matrix  theory.  For  the  reader  lacking 
this  background,  suitable  reference  is.  made  to  the 
Authors'  companion  volume  Introduction  to  Mod- 
em Algebra  and  Matrix  Theory. 

There  are  exercises  at  the  end  of  each  chapter 
to  enable  the  student  to  test  his  mastery  of  the 
material. 

Chapter  Headings:  I.  w-Dimensional  Projective 
Space.  II.  General  Projective  Coordinates.  III. 
Hyperplane  Coordinates.  The  Duality  Principle. 
IV.  The  Cross  Ratio.  V.  Projectivities.  VI.  Linear 
Projectivities  of  Pn  onto  Itself.  VII.  Correlations. 
VIII.  Hypersurfaces  of  the  Second  Order.  IX. 
Projective  Classification  of  Hypersurfaces  of  the 
Second  Order.  X.  Projective  Properties  of  Hyper- 
surfaces of  the  Second  Order.  XI.  The  Affine 
Classification  of  Hypersurfaces  of  the  Second  Or- 
der. XII.  The  Metric  Classification  of  Hyper- 
surfaces of  the  Second  Order. 


—1961.  208  pp.  6x9. 


[1261  $4.95 
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